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ABSTRACT 
The potential of combining cold plasma and heat to produce improved 
semiconductor materials has been investigated. The doping and nanostructuring 
capabilities of plasma reactive nitrogen species could help to tailor the morphology 
and electronic properties of SnO2 materials. This has potential to enhance its 
performance as an anode material for LIBs, solar cells and other electronic 
applications. However, due to the high stability of SnO2, the active interaction of 
plasma reactive species with the samples requires the use of elevated temperature.  
An RF plasma source located inside a furnace (P+T system) was used to treat 
SnO powder in different gases and produce SnO2. The SnO-SnO2 conversion was 
detected 120 Û&EHORZIRU37WUHDWHGVDPSOHVLQFRPSDULVRQWRWKRVHWUHDWHGRQO\
with heat. Nitrogen doping of up to 8 at. % was achieved during the formation of the 
crystal when N2 gas was used. A polycrystalline nanostructure was also observed in 
the samples. A shift in cathodoluminescence (CL) suggested new electronic states 
within the energy band-gap. 
The possibility of doping after the crystal formation and the role of nitrogen for 
nanostructuring were studied using SnO2 thin films produced by magnetron sputtering 
PVD and subsequently treated with the P+T system. Around 2 at. % nitrogen was 
detected in P+T treated films suggesting that surface doping can be also achieved after 
the formation of the SnO2 crystal. A flower-like nanostructure was observed in N2 
plasma treated samples, but not for Ar or Air treatment or at low temperature. A new 
CL emission at ~2.0 eV was observed on N-doped samples, suggesting a new 
electronic orbital is generated by bulk N-doping.  
The Vienna Ab-initio Simulation Package was used to calculate the electronic 
properties of N-doped SnO2. The results showed a decrease in the Fermi level and new 
electronic orbitals inside the band-gap, which was in agreement with the experimental 
results. 
The synergy of combining of plasma and thermal energy allows the production 
of bulk and surface nitrogen doping as well as a flower-like nanostructure that was not 
possible by plasma or temperature alone. The method has significant potential for 
tailoring the electronic properties of SnO2 materials and should be applicable to other 
metal oxide semiconductors. 
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1 – BACKGROUND 
The production of semiconductor materials with finely tuned electronic 
properties is essential to the development of new and sustainable technologies. Tin 
(IV) oxide (SnO2) is an abundant wide band-gap n-type semiconductor with strong 
potential as an anode material for Li-ion batteries, solar cells and other electronic 
devices, if an efficient strategy enables its electronic tailoring and nanostructuring. 
Nitrogen has been proposed as an acceptor or p-type dopant in the SnO2 crystal and 
could allow a fine-tuning of its electronic properties.  
The use of room temperature plasma produced by RF power provides fine 
selection of highly reactive species that could allow N-doping and nanostructuring of 
semiconductor materials in a method that can be scaled to industry in an efficient and 
environmentally friendly manner. These capabilities of cold plasmas have potential for 
tailoring the morphology and electronic properties of SnO2 and enable its wide 
commercial use. However, due to its high stability an efficient methodology to produce 
high crystalline SnO2 materials requires elevated temperature. 
In this chapter a literature review is presented regarding the properties of SnO2, 
the remaining challenges for its improved application and the nanofabrication 
capabilities of plasma technology that could help overcome these challenges. The state 
of the art is discussed and the design of an experimental strategy is presented that aims 
to investigate this possibility. 
1.1 – TIN (IV) OXIDE 
Known as stannic oxide in older notation, SnO2 can be found natively in the form 
of Cassiterite, a common dark brown mineral that also represents the main ore of Sn 
in the planet. According to the literature there are approximately 6 million tons in 
reserves and an estimated of 7 million more of undiscovered resources.2 The 
accessibility and environmental affinity of this metal oxide is a desirable aspect for its 
application for new technologies. 
For its use in commercial applications SnO2 is mainly produced on the form of 
single crystals and thin films. The reaction of stannic chloride with either water 
vapour3 or oxygen and hydrogen4 has been shown to produce single crystals of sizes 
in the scale of millimetres. However the industrial scaling of these approaches is 
difficult. Physical vapour deposition of thin films can be achieved using magnetron 
2 
reactive sputtering with Sn,5 SnO6  and SnO2 targets7 and also by spin coating.8 
Sintering methods have also been reported using Sn, SnO and Sn3N4 as prime materials 
and the thermal energy required for SnO2 formation is reported around 437 ÛC.9 Carbon 
composites can also be formed by sintering methods such as carbothermal process.10  
The selection of a production methodology and the design of a sensible strategy 
require a fundamental understanding of the morphology and electronic properties of 
this semiconductor. This information will allow to clarify the challenges for the 
improved performance of this anode material as well as the strategies that have been 
used to overcome them. 
1.1.1 – Crystalline structure and defects 
Tin (IV) oxide has a tetragonal crystalline structure similar to rutile with space 
group D4h14 (P42/mnm).11 The lattice parameters of the unit cell are a = b = 4.737 Å 
and c = 3.186 Å. 12  The c/a ratio 
is 0.673. The ionic radii for O2- 
and Sn4+ are 1.4 and 0.71 Å, 
respectively.13  The unit cell 
contains two tin atoms and four 
oxygen atoms as is shown in Fig. 
1.1. The crystalline structure has 
a 6:3 coordination in which tin 
atoms have six neighbouring 
oxygen atoms and each oxygen 
atom is surrounded by three tin 
atoms. The six oxygen atoms that 
surround Sn are located 
approximately at the vertices of 
an octahedron. On the other hand 
the three Sn atoms neighbouring 
2DUHORFDWHGLQDRUࡄ
planes aligned to the Z coordinate 
axis (see Fig. 1.1) and their bonds 
IRUPÛRUÛDQJOHV  
However the composition of real SnO2 materials diverges from this ideal 
description. Depending on the crystalline planes in the surface of the crystal, different 
Figure 1.1. Tetragonal unit cell of the SnO2 crystal lattice 
consisting of two tin and four oxygen atoms. The lengths 
of the edges are a=4.737 Å and c=3.186 Å. Each Sn atom 
LVVXUURXQGHGE\VL[2LQWRWDOIRXULQDSODQHDWȖ Û
DQGį ÛDQGWZRPRUHSHUSHQGLFXODUWRVXFKSODQH,Q
the other hand oxygen atoms have three O first neighbors 
LQ D SODQH DW Į ÛDQG ȕ Û %HORZ VLJQLILFDQW
crystalline planes are indicated. 
3 
amounts of Sn or O atoms are exposed. The set of (100) planes and their equivalent 
OHDYH2H[SRVHGRXWRIWKHSODQHDWWDFKHGWRWZR6QDWRPVDWDQJOHRIÛ7KH
same happens foUWKHDQGࡄSODQHV$OOthese planes are aligned to the Z axis 
DQGOHDYHWKHÛR[\JHQFRQILJXUDWLRQRXWRIWKHSODQH,QFRQWUDVWKRUL]RQWDOSODQHV
(001) do not present O protuberances with two bonds and the in-plane O atoms have a 
Û FRQIiguration. Similarly (101) planes and their equivalent (011) present O 
SURWXEHUDQFHVWKDWKDYHDÛFRQILJXUDWLRQ:KHQWKHVHR[\JHQVLWHVLQWKHVXUIDFH
are empty, they are known as surface oxygen vacancies (surface OV). The amount a 
type of surface OV‘s that each set of atomic planes presents is different and, as it will 
be discussed later, this affects the chemistry and electronic properties of the crystals. 
Moreover the lack of oxygen during the formation of the crystal can also result 
in oxygen vacancies in the bulk. Bulk OV can also be related to dislocations in the 
crystalline lattice of SnO2.14 These defects are common and the composition of the 
crystal can be better represented as SnO2-į, where 10-5į-3 characterizes the ratio 
of bulk OV in the lattice.15 Surface and bulk OV are the main intrinsic defects in 
crystalline SnO2 and they are also the main sources of conductivity in this 
semiconductor. 
1.1.2 –Electronic properties 
In order to understand how OV and other impurities in the SnO2 crystal can affect 
its electronic properties, a basic understanding of the electronic structure of 
semiconductors is necessary. 
This knowledge will also allow a 
better understanding of the 
experimental results of this 
investigation. 
Similarly to hydraulic 
systems, where pressurized water 
can produce work only when its 
flow is obstructed, the potential 
energy of electric current can be 
used only when some resistance 
is opposed to its flow. In most 
electronic devices this resistance 
is offered by semiconductors: 
Figure 1.2. Basic diagram of the DOS and the Fermi level 
(EF) of materials with different electronic behavior. The 
energy band-gap determines the excitation energy that 
electrons need jump from the valence band (black) to the 
conduction band (white) and generate current. The 
location of the EF within this band-gap determines the 
type of predominant charge carriers in semiconductors. 
4 
materials with low conductivity. From the provision of safe power for home and 
industry, to the use of computers and communication in the global scale, it all depends 
on the controlled flow of electrons. In contrast with insulators whose electrons are 
locked in the atoms, or conductors where they can run free, electrons in 
semiconductors can move in the crystal only if they are excited. Electrons can be in a 
ground state in the so-called valence band or in an excited state called conduction band. 
The formation of the valence and conduction electronic bands is determined by the 
way electrons behave around the atoms. This excitation can happen when an external 
source increases the energy of the electron pushing from the valence band to the 
conduction band. The amount of energy necessary for this excitation is known as the 
band-gap energy (Eg). The magnitude of the Eg is therefore directly related to the 
conductivity of materials as shown in Figure 1.2.  
Electrons are subatomic particles that have fixed mass and negative charge. 
However their kinetic energy can vary as they interact with other particles and waves. 
Similar to planets in the solar system, electrons remain forming part of an atom only 
if the attractive force towards the positive nucleus is in balance with their kinetic 
energy. However, as discussed by quantum theory, electrons in the atom do not behave 
as particles but as waves and they are not located in a single position, but they are 
vibrating in a volume called electronic orbital. The orbitals that an electron can occupy 
in an atom are determined according to quantum theory.16 In summary when an 
electron is forming part of an atom, only certain orbitals can be occupied. Each orbital 
Figure 1.3. Brillouin Zone, electronic band structure and density of states calculated for pure SnO2
using Density Functional Theory. The Brillouin zone represents the wave vectors that electrons can 
have in the crystal. The plot of the energy of each molecular orbital along its edges is used to 
represent the electronic properties of the crystal as shown in the band structure plot. The DOS 
represents the amount of available electronic states at a given energy and shows the lack of orbitals 
in the band-gap as suggested by Figure 1.2. 
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has specific shape and energy and each molecule or crystal has a corresponding set of 
molecular orbitals. 
These orbitals can be theoretically calculated and are usually represented in the 
band-structure (see Fig. 1.3) a plot of the energy of each electronic orbital against the 
wave vectors (kx,y,z) of the electron in the reciprocal space. The dimensions of the 
reciprocal space are not distances but frequencies. The set of electronic frequencies 
that can exist in a periodic arrangement of atoms is known as the Brillouin zone and 
corresponds to a volume in the reciprocal space. The significant features of the 
electronic structure of the crystal can be detected along a convenient path along its 
edges. The so-called band-structure represents the energy that specific orbitals have as 
well as their orientation inside the crystal. The selected path for the band structure of 
the tetragonal SnO2 lattice is shown in Figure 1.3 along with a sample of the band 
structure and density of states (DOS) of the pure crystal. The DOS is a more compact 
representation that shows how many electronic orbitals are available for a given 
energy.  
These orbitals are the lanes that electrons can occupy around an atom or 
molecule. However due to the Pauli principle only two electrons can occupy each 
orbital at the same time and they must have opposite spin, a quantum property that will 
not be discussed in detail. The positive charge of the nucleus is balanced with a 
corresponding number of electrons. In order to minimize their energy as described by 
the second law of thermodynamics, electrons occupy the available orbitals with lowest 
energy. In a minimum energy or ground state, electrons fill every orbital up until a 
certain energy known as the Fermi level (EF). This parameter is related to the amount 
of energy necessary to pull an electron out of the system and as will be discussed later, 
it is strongly related to the electronegativity of SnO2 that allows storage of electrons 
as battery anode materials. 
The highest occupied molecular orbitals (HOMO) are known as valence orbitals, 
since they are usually formed by the valence electrons of each atom. On the other hand 
the lowest unoccupied molecular orbitals (LUMO) remain empty of electrons in a 
ground state. This distribution corresponds to the lowest energy that the system can 
hold. 
However, when more energy is available electrons can be excited and jump into 
orbitals of higher energy. At room temperature the energy of solids is slightly higher 
than the ground state, due to the vibration (kinetic energy) of atoms and/or molecules. 
6 
This kinetic energy also affects the electrons, allowing excitations in the scale of 
fractions of an electron volt (eV). At room temperature this energy corresponds to 
~0.025 eV. Metals have electronic orbitals available below, above and at the Fermi 
level, making it very easy for electrons to jump into the conduction band even with 
this low excitation. Insulators on the other hand have a wide band-gap (Eg>9 eV) that 
cannot be overcome by electrons at room temperature under normal circumstances. 
The case of semiconductors is special since they have energy gaps of the order of a 
few eV that allow the flow of excited electrons by using small potentials in electronic 
devices or even excitation by visible light (~1.5-3.5 eV) as happens in solar cells. In 
the case of SnO2 this band-gap energy is Eg=3.6eV, 17 considerably higher than other 
common metal oxide semiconductors.18  
In some semiconductors the Fermi level is closer to the conduction band than to 
the valence band as can be seen in Figure 1.2. Therefore a small excitation can push 
electrons into the conduction band allowing electric current in the material. Since 
electrons have a negative charge, these are called n-type semiconductors. However if 
the Fermi level is closer to the valence band, then the charge is mostly carried by 
electron holes that have a positive charge and move in orbitals that are otherwise full. 
These are called p-type semiconductors. It could appear that the movement of holes 
and electrons is basically the same phenomenon on different directions, but a 
fundamental difference becomes 
clear in electronic devices like p-
n junctions, where the interface 
between materials with positive 
and negative charge carriers 
becomes a one-way valve of 
electric current.19 It is clear that 
the variation of the Fermi level 
can have strong consequences in 
the electronic properties of a 
system, including the potential 
required to insert electrons in the 
material and the type of charge 
carriers that can move on it. 
Figure 1.4. Diagram of the SnO2 density of states and the 
role of bulk and surface OV as described by the 
literature.1 The opposite role of surface and bulk defects 
is notable as well as the potential of defects to alter the 
electronic properties of this material. 
7 
As mentioned before, the crystalline defects in the bulk and surface of SnO2 are 
an important source of charge carriers. The electronic distribution in bulk and surface 
defects generates orbitals with different shape and energy compared to those in the 
periodic structure. According to analytical calculations in the literature, lattice 
disruptions and OV in the bulk seem to generate electronic states in the upper part of 
the band-gap that correspond to n-type carriers.1 In contrast OV in the surface of the 
crystal have been related to p-type states near the valence band.20 (see Fig 1.4) 
The manipulation of bulk and surface defects has shown to be a fruitful strategy 
in the aim of controlling the electronic properties of SnO2 by allowing the generation 
of new orbitals near and inside the band-gap. The electronic properties of the 
semiconductor can be affected not only by the lack of oxygen in the lattice, but also 
by the presence of other atomic species in the lattice. As will be discussed later, the 
insertion of selected atomic species into a crystal is known as doping, and has been a 
successful strategy to tailor the electronic properties of semiconductors. 
However, the selection of a suitable strategy to tailor the electronic properties 
and morphology of SnO2 requires the detailed study of the mechanisms that enable its 
use as an anode material for Li-ion batteries and in other applications. 
1.1.3 – Li-Ion Batteries and other applications 
Batteries are a good example of the importance of semiconductors for the 
development of sustainable technology, in this case the migration to renewable energy 
sources. The great advantage of 
fossil fuels is that they can be 
stored easily, have a long shelf 
life and can be used anywhere 
without fluctuations. To exploit 
green energy sources like 
sunlight, wind and tides in a 
similar fashion, the production of 
high capacity batteries, efficient 
solar cells and proficient 
electronic devices is necessary. 
The bottleneck of commercial 
batteries is the production of 
improved anode materials, which 
Figure 1.5. Basic components and the working principle 
of the lithium-ion battery. During charging the ions and 
electrons move from the cathode to the anode, where 
they are stored. Ions move through the electrolyte and 
electrons through an external circuit. When the battery is 
used the ions move back to the cathode, forcing the 
electrons to flow in an external circuit and delivering 
power. 
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is also the main challenge for the production of highly efficient solar cells. In both 
batteries and solar cells, the anode materials happen to be semiconductors. Other 
technologies like light emitting diodes (LEDs), gas sensors, supercapacitors, piezo-
electrics, photonics and microelectronics are also highly dependent on the tailoring of 
the electronic properties of semiconductor materials. In this section the potential 
applications for SnO2 will be discussed as well as the remaining challenges and the 
strategies that have been used by other to approach them. 
Li-ion batteries are a promising candidate for energy storage, exceeding by at 
least a factor of 2.5 the energy density of any competing technology, with values as 
high as 150Wh/kg and 650 Wh/l.21 Due to these unique features, lithium-ion batteries 
represent nowadays the most successful technology commercially available and can 
remain to do so if further improvements match the growing energy capacity needs. 
 A deeper understanding of the operation of Li-ion batteries (Fig. 1.5) will help 
the design of an efficient strategy to improve this technology. When an external 
potential is used to charge the battery, electrons are pushed into the negative electrode 
(anode) and lithium ions partner this migration travelling within the battery through 
the electrolyte into the anode, where both react with SnO2 and are thus stored. When 
the charging potential is removed, the ions tend to move to back to the cathode, and 
reduce the energy of the system. However the electrons are held in the anode since 
they cannot travel through the electrolyte and in order to balance the charge, Li ions 
remain in the anode too. When an external circuit is connected, positive ions migrate 
to the cathode, pushing the electrons to travel in the same direction through any device 
connected in the external circuit and so providing the desired power. The battery can 
be charged again through an external potential and the whole cycle repeated. 
Nowadays, commercial Li-ion batteries usually are produced with a lithium 
cobalt oxide cathode, organic carbonate electrolytes and a graphite anode.22 There are 
many challenges within the structure of lithium batteries but the bottleneck to 
improved performance resides in the anode materials.23 Although graphite performs 
well as the anode of commercial batteries, its maximum theoretical capacity has been 
nearly reached, while the capacity requirements for batteries keep increasing.24 
Therefore, great effort has gone into exploring alternative anode materials with higher 
energy density to replace graphite. Many materials including metal oxides, metal 
sulphides and non-metals with large specific capacity have been studied.25 Among 
these materials, SnO2 has attracted much attention because of its high theoretical Li+ 
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storage capacity (calculated to be 782 mAh/g),26 much larger than that of the currently 
used graphite, (372 mAh/g).27 However, the successful application of SnO2 still 
requires some challenges to be solved. The first one is a reduction in the charge 
capacity of up to 30% in the first few charge/discharge cycles of the battery.28 The 
second and main problem is large volume changes during the insertion and extraction 
of lithium ions, resulting in pulverization and insufficient cycle performance.29  
These two problems can be better understood through analysis of the chemical 
reactions that happen during charging and discharging: 
ܱܵ݊ଶ + 4ܮ݅ା + 4݁ି ֜ ܵ݊ + 2ܮ݅ଶܱ     (eq. 1.1) 
ܵ݊ + ݔܮ݅ା + ݔ݁ି ֞ ܮ݅௫ܵ݊       (0 ൑ ݔ ൑ 4.4)   (eq. 1.2)
In the first reaction tin is reduced and oxygen reacts with incoming ions to form Li2O. 
A capacity loss of approximately 50% in the first cycle of the battery has been related 
to the irreversibility of this reaction.30 The stability of Li2O removes some Li ions out 
of the process and forms a solid-electrolyte-interface (SEI) that obstacles the flow of 
ions, resulting in a big capacity loss and a reduction of the charge/discharge rates of 
the anode.31 In the second part of the process (Equation 1.2), tin reacts with the 
incoming ions, producing LixSn. During the charge/discharge cycle, more than eight 
ions of lithium are inserted/extracted in the anode for each tin atom, causing substantial 
volume fluctuations of up to 300%.29 With repeated cycling, this swelling tampers the 
morphology of bulk anodes resulting in cracking and pulverization, conductivity is lost 
and the energy density of the anode falls. 
Initial capacity loss and low cycling performance are thus the main challenges 
impeding the use of SnO2 and have been addressed by a number of investigations. 
Significant improvements have been achieved through the production of composites 
using Sb,32 Y,33 Zn34 and some metal oxides,35. Carbon composites have shown the 
best performance, improving the initial charge retention by up to 20%.30 However, the 
high energy density of pure SnO2 is sacrificed when other materials with lower 
capacity are used. 
As mentioned before, the introduction of doping in the lattice has strong 
capabilities to change the electronic properties of a crystal. For SnO2 anodes in Li-ion 
batteries Zinc doping34 and yttrium doping in a SnO2/C composite33 have been reported 
as successful strategies to increase reduction of Li and thus preserving the initial 
capacity of the battery, even though in a partial manner. The reversibility of the Sn 
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reduction and the formation of Li2O could be enhanced by a reduction of the electronic 
potential of SnO2 that, as discussed above, is related to the Fermi level.  
In order to accommodate volume changes, deliver structural stability and 
improve cycling performance carbon scaffolds36 and nanostructuring37 have been the 
main strategies proposed and up to 80% of the initial capacity after 100 cycles at 
standard rates has been retained.38 However, the high cost and low scalability of these 
nanostructuring methods and again the lower capacity of carbon compared to pure 
SnO2 impede their wider application. A new efficient and versatile strategy is required 
where the electronic and physical properties of anodes can be controlled without losing 
capacity. 
The use of this wide band-gap semiconductor is not only promising for Li-ion 
battery anodes, but also in many other applications. The regulation of the band-gap in 
SnO2 provides good range of wavelength absorption for solar cells. N-doped SnO2 
materials were produced by ion implantation as an approach to dye sensitized solar 
cells,39 however the effects of doping in the electronic properties of the semiconductor 
were not clarified. Nanostructured SnO2 materials also showed a very good 
performance as an anode material in quantum dot sensitized solar cells.40 
The wide band-gap of SnO2 opens a strong possibility for light emitting diode 
(LED) in the violet range41 that could be adjusted to other wavelengths if the band-gap 
of this material can be controlled. An efficient production of p-n junctions could be 
enabled by the production of p-type states in otherwise n-type semiconductors could 
be achieved.19 Nitrogen doping has been suggested by theoretical approaches42 as a p-
type dopant for metal oxides due to its lower amount of electrons and has strong 
potential to tailor the electronic structure of SnO2. N-doped SnO2 thin films have been 
produced by reactive sputtering under partial nitrogen pressure43 showing encouraging 
results in the production of p-type carriers, however control of the crystallinity of the 
films is difficult at low temperatures. Sintering of Sn3N4 films44 has also been used as 
a strategy to prepare N-doped SnO2 materials with increased p-type carriers. Even 
though the use of tin nitride reduces the scalability of this strategy, these results 
confirm that N-doping increases the amount of p-type charge carriers in the lattice.  
SnO2 polycrystalline thin films and ceramics have been extensively used for the 
production of transparent resistors,45 transparent electrodes and heating elements,46 
transparent antistatic coatings,47 and other parts in electronic equipment where 
transparency is required. The high sensitivity of the electronic properties of this metal 
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oxide to surface chemistry has allowed its application for gas sensing48 The use of 
several doping elements including Pt, Pd, Ru, Rh, Cu, Ni, Fe49 and compounds V2O5 
35c have been reported to modify the gas sensing capabilities of the semiconductor.50 
1.1.4 – Remaining challenges 
As discussed above SnO2 is being used for many applications and has strong 
potential in many other, including high capacity anode material for Lithium batteries, 
solar cells, p-n junctions, gas sensing and LEDs. All these applications would be 
benefitted if a fine control of the electronic properties and the nano-scale morphology 
of SnO2 materials is achieved. 
The acceptor role of N-doping in the SnO2 crystal has potential to reduce the 
Fermi level, and providing a tool to balance the amount of positive and negative 
carriers if it can be produced in a controlled manner. The new electronic states 
generated by nitrogen in the lattice could reduce the effective size of the energy band-
gap, allowing the use of this inexpensive semiconductor in other applications that 
require smaller electronic transitions. 
The controlled production of a nanostructure could accommodate volume 
changes and allow the production of SnO2 anode materials for LIBs with high capacity 
and cyclability. The high surface area of nanostructures has also potential to affect the 
electronic properties of this metal oxide that are strongly related to surface defects. 
The search of an efficient, scalable and environmentally friendly methodology 
capable of tailoring the electronic properties and nano-scale morphology of SnO2 
semiconductors is of high importance and could also be beneficial for other metal 
oxide semiconductors. 
1.2 – PLASMA 
Plasma is the fourth and most abundant state of matter in the Universe, present 
in both ancient and new technologies. Fire, the fourth classical element, is a good 
example of oxidative plasma that has been essential for development of the human 
society. On the other hand cold plasmas produced by RF power are an innovative 
technology that offers a fine selection of highly reactive chemical species while staying 
free of harsh solvents, dangerous chemicals or toxic waste. These reactive species 
allow the nanofabrication of semiconductors with controlled chemistry and 
morphology and have potential for the tailoring of SnO2 anode materials with higher 
improved performance for Li-ion battery application. A brief overview of the physical 
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understanding of cold plasmas is provided below followed by a review of its 
nanofabrication capabilities. 
1.2.1 – Nature and characteristics of plasma 
Plasma is a partially or fully ionized gas. When enough energy is gained by a 
solid its temperature increases until in most cases, it becomes a liquid and with more 
energy it turns into a gas. If more energy is applied to the gas, electrons will gain 
sufficient kinetic energy for excitation and ionization of gas atoms or molecules. The 
latter results in formation of plasma consisting of free electrons, ions, neutrals and UV 
photons. Because the finite temperature these charged particles are in constant 
movement, generating random distributed electric currents and electromagnetic fields. 
When the density of charged particles is statistically significant (> 0.1%) Coulomb 
collisions becomes a predominant process which determines the plasma resistivity.51  
There are several types of plasma, for instance ideal (thermal energy exceeds 
Coulomb energy of charged particle interaction) and non-ideal (opposite case, i.e., 
potential Coloumb energy exceeds the kinetic thermal energy of particles); plasma in 
thermal equilibrium and non-thermal plasma, degenerated plasma when the distance 
between particles is smaller than De-Broglie wave length of particles, etc. In the cases 
when the plasma particles obtain Maxwellian energy distribution with temperature of 
several eV, electrons at the tail of this distribution, have energy sufficient for gas atoms 
ionization and excitation. Indeed, the ionization energies of the common gases are 
around a few eV and correspond to temperatures of tens of thousands Kelvin (1 eV = 
11,598 K). Therefore fully ionized plasmas have an extremely high temperature and 
require sophisticated equipment for their application, such as Tokamak and nuclear 
fusion reactors.  
However, partially ionized plasmas can be applied for practical applications due 
relatively small temperature.52 This plasma can be produced by gas discharge initiating 
by application of voltage pulse. The applied voltage leads to acceleration of free 
electrons always presented due to cosmic ionization of gas atoms by charged cosmic 
high energy particles or theirs products.51, 53 These free electrons are accelerated by an 
applied electric field, gaining energy that is delivered to an atom or molecule when 
they collide. If the energy that free electrons gain between collisions (mean free path) 
is enough to cause ionization, as they deliver this energy in the next collision another 
free electron and a new ion are produced and thus a chain reaction is started. The 
strength of the electric field required to start the gas discharge depends on the 
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ionization energy and the density of the gas molecules, which affects the mean free 
path of the electrons.  
On common plasmas 
produced at room temperature by 
means of electric fields only a 
small percent of the atoms or 
molecules are ionized and most 
of the gas particles remain 
neutral. The temperature of the 
electrons, related to their kinetic 
energy is much higher than the 
ion temperature, comparable to 
that of thermal plasmas. However 
the effective value of temperature 
in plasmas is determined mainly 
by ions and neutral particles that 
represent the vast majority of the 
mass. The strong difference 
between the temperature of electrons and that of ions and neutral particles is 
characteristic of plasmas with low ionization and can be expressed as: 
௘ܶ ب ௜ܶ ൎ ௚ܶ    (eq. 1.3) 
Where the subindex e, i and g correspond to electrons, ions and gas neutral 
particles respectively. For this reason low ionized non-equilibrium plasmas are also 
called cold plasmas 
The energy that free electrons gain from the applied field is delivered to atoms 
and molecules resulting in ionization and also excitation of neutral species, 
dissociation of molecules and emission of photons in the range of vacuum ultraviolet 
(VUV), ultraviolet (UV), visible light and infra-red (IR) (see Fig. 1.6). The emission 
of visible light in common plasmas is used for the spectroscopy research of the plasma 
parameters (temperature, density, electric and magnetic fields in plasma). 
Once a significant number of ions and free electrons is produced, their collective 
movement changes the charge distribution and produces an electric field that screens 
out the external applied potential. This screening depends on the density of charged 
Figure 1.6. Schematic of the basic plasma reactions. Free 
electrons accelerated by the electric field collide with 
atoms and molecules in the gas phase resulting in 
ionization, dissociation and excitation as well as photon 
emission. These energetic plasma species can induce 
chemical reactions in treated materials that are difficult 
to achieve without the gas discharge. 
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particles and the temperature of electrons, which adapt to electric fields much faster 
than ions. The dimension at which this screening is significant is known as the Debye 
length: 
ߣ஽ = ටఌబ௞ ೐்௘మ௡೐     (eq. 1.4) 
 
Where ߝ଴ is the permittivity of free space, k is the Boltzmann constant, ௘ܶ is the 
electronic temperature, e the electron charge and ݊௘ the electron density. The plasma 
screening maintains an almost zero electric field in the bulk of the plasma that is 
necessary for the stability of the gas discharge. The need for effective plasma screening 
within the gas discharge requires the dimension of the plasma to be considerably 
bigger than the Debye length, which is the first condition for plasma quasi-neutrality: 
݈ ب ߣ஽     (eq. 1.5) 
Where l is the dimension of the gas discharge. Another necessary condition for 
a stable plasma is that sufficient free electrons are available for the screening within a 
volume with the dimensions of the Debye length. This can be expressed as: 
݊௘ ସଷ ߨߣ஽
ଷ ب 1    (eq. 1.6) 
An important parameter of the plasma is plasma electron frequency, i.e. 
oscillations of electrons in self-induced electric fields which appears in the plasma as 
a results of electron collective motion. The frequency of this oscillations i.e. the plasma 
electron frequency is related to the time in which electrons respond to changes in the 
electric potential. 
߱௣௘ = ට௘
మ௡೐
ఌబ௠೐    (eq. 1.7) 
For the stability of the plasma it is required that the adaptation of electron 
movement to electric fields is not dampened by heavier particles. In other words, the 
frequency of electron-molecule collisions must be lower than the plasma frequency:  
߱௣௘ > ߥ஼    (eq. 1.8) 
If this conditions are fulfilled the plasma can be considered as quasi-neutral in 
space (at distances larger than Debye radius) and time (at time larger than the period 
of Langmuir oscillations). This means that densities of ions and electrons are in 
equilibrium i.e. ݊௘ ൎ ݊௜, and their energies have Maxwellian distribution. However, 
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at the interface between the bulk plasma and a solid target a sheath is formed where 
quasi-neutrality is not conserved. Inside this sheath, the flow of electrons and ions is 
reduced and the potential drops between the plasma and the wall. In the case of the 
absence of external magnetic field, plasma acquires positive potential with respect to 
the wall. Therefore, plasma ions are accelerated towards the wall and plasma electrons 
slow down. Only fast electrons from the tail of the Maxwellian distribution can reach 
the wall. In the case when the target inserted inside the plasma, this target acquires 
some negative potential with respect to the plasma which can be easily obtained from 
equality of ion and electron currents absorbed by this target:  
߮௙ = ೐்ଶ ln ቀ
ெ೔
ଶగ௠೐ቁ    (eq. 1.9) 
Where ܯ௜  is the mass of the respective ions and ݉௘  is the rest mass of the 
electron. Positively charged ions are repelled by this positive plasma potential and 
attracted towards the negatively charged surface gaining kinetic energy until they hit 
the sample. This estimation of the plasma potential is in respect to a surface with 
floating potential that is not grounded or biased. It is understood that when an external 
voltage is applied to a target in the plasma, the energy of the bombarding ions becomes 
much higher. 
The maximal ion current density which is emitted from plasma boundary and 
accelerated towards the target can be estimated if the density of ions in the plasma bulk 
is known: 
݆௜ = 0.6݊௜ට௞ ೐்ெ೔     (eq. 1.10) 
The flow of energy that bombarding ions deliver to the surface includes not only 
their kinetic energy, but also the potential energy they possess due to their ionized 
state. The main source of energy can be kinetic or potential depending on the plasma 
potential, the mass of the ions and their ionization energy. 
As will be detailed in the next section, the energy provided by the ions in the 
plasma sheath field is capable of modifying the chemistry and the morphology of the 
treated surface of the target. Etching, doping and other capabilities can be achieved if 
suitable gas and plasma conditions are set. Because of this, plasma surface treatment 
has been widely used for the design of nanostructured materials, including 
semiconductors. 
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Besides ion bombarding energy from the plasma can also be delivered to the 
target in the form of kinetic energy of neutral particles, the potential energy of excited 
neutral particles and radiation from the gas discharge. The constant collisions of ions 
and electrons with neutral particles increases the temperature of the neutral gas as well 
as charge exchange collisions can lead to appearance of fast energetic neutrals. These 
hot neutrals deliver energy to the surface that can enhance the treatment allowing 
chemical and physical changes that are hard to achieve at lower temperatures. The 
increase of temperature caused by the plasma treatment might have a significant role 
in this investigation. 
1.2.2 – Plasma doping and nanostructuring. 
The variety of energetic reactive plasma species produced in the gas discharge 
allows cold plasmas to perform a number of functions including cleaning, etching, 
functionalizing and nanostructuring for the production of advanced materials. Because 
of this, plasma technology has been extensively used for the production of advanced 
semiconductors,54 including metal oxides like ZnO55 and TiO256 and binary 
compounds like GaAs57 and InP.58 
Treatment and production of SnO2 materials with specific chemical and 
structural properties have also been achieved with plasma. The production of thin films 
using plasma technology is possible through methods like plasma enhanced chemical 
vapour deposition,59 physical vapour deposition with magnetron sputtering7 and 
plasma arc deposition.60 As explained before, SnO2 has oxygen deficiencies that 
increase the conductivity of the material. By controlling this oxidation level, Ar/O 
plasma has been used to improve the gas sensing capabilities of SnO2 nanowires48a as 
well as Sn-coated multi-walled carbon nanotubes,61 which also present improved 
cyclability as Li-ion battery anodes.62 The formation of nanoscale SnO2 particles with 
plasma has also been demonstrated. Plasma Enhanced Chemical Vapour Deposition 
was used to produce nanorods with enhanced surface area have been produced for gas 
sensing63 as well as carbon coated nanoparticles with increased cycling performance 
in LIB anodes.64  
Under suitable conditions, the reactive species produced in the gas discharge can 
generate chemical bonds and attach to the solid. More over energetic ions can knock 
atoms off the surface and replace them in the structure, resulting in doping. Plasma 
assisted molecular beam epitaxy for example has been used for the production of Ga-
doped SnO2 thin films, showing an interesting nano-scale polycrystalline structure65 
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and suggesting that doping and nanostructuring can be performed in a single plasma 
treatment. 
Nitrogen doping has been used to modify the electronic structure of several 
semiconductors, like ZnO,33 GaAs57 and SiC66 and can be easily implemented with the 
use of plasma technology.67 When N2 or other nitrogen source is used in the gas 
discharge, the gas molecules can be ionized (N2+, 15.6 eV)68, excited (N2*, 6.12 eV) or 
even dissociated. When this happens, free N. radicals are formed that can also be 
ionized (N+, 14.53 eV)69 and excited (N*, 2.4 / 3.6 eV)70. These free radicals could be 
capable of joining the SnO2 crystal during its formation. Moreover, the energy of 
ionized nitrogen species is higher than the binding energy of Sn-O (~3.6 eV)9 and 
could result in doping when the substrate conditions are suitable. In this case, the depth 
of the doped material is limited to a few tens of nanometres, but the intensity can be 
finely controlled by the treatment time and power.35c  
A thorough literature review shows that crucial aspects of semiconductor 
materials such as electronic structure and morphology, can be manipulated by plasma 
processing. However the production of SnO2 materials with fine-tuned crystalline 
structure is difficult due to high stability of this metal oxide at low temperatures. An 
integrated strategy that allows use of these nanofabrication capabilities to 
simultaneously address the initial capacity loss and low cyclability of SnO2 anode 
materials is still missing. 
1.2.3 – Heat assisted plasma treatment 
The role of heat for the production of advanced materials becomes crucial when 
the stability of such materials is high at low temperature. The crystalline structure and 
the homogeneity of semiconductor films and particles is known to be highly dependent 
on the temperature of production,15 and the efficient production of some metal oxides 
can only be achieved at high temperatures,71 as is the case for SnO2.  
Cold plasma is a versatile technology that can be easily combined with 
temperature treatment. The first attempts to do so have already delivered interesting 
results, like the deposition of crystalline SnO2 thin layers achieved by heating the 
substrate on a plasma reactive sputtering chamber.72 Without the use of temperature, 
this kind of deposition only results in amorphous films where no crystallinity is 
detected.73 However, this design does not include the interaction of the plasma species 
with a heated sample during or after crystal formation, but only the deposition on the 
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heated substrate of the previously sputtered neutral particles. The simultaneous 
application of cold plasma and elevated temperatures has not been reported and seems 
to have strong potential to modify the crystalline structure and composition of 
materials with high stability during their formation and possibly after.  
1.3 – RESEARCH STRATEGY 
The capabilities of a system that combines plasma and thermal energy to produce 
advanced semiconductors are investigated. SnO2 was chosen to be studied for its many 
applications including Li-ion battery anodes. Reactive plasma species have potential 
to modify the nanostructure of the material and N-doping could be produced using 
Nitrogen gas. The treatment and production of SnO2 at high temperature could enable 
the nanofabrication capabilities of plasma for tailoring the electronic properties of this 
semiconductor.  
The approach proposed in this document is based on the development of a new 
Plasma plus Thermal (P+T) system consisting of an RF plasma source inside a furnace 
chamber, combining plasma and temperature in a single treatment. This approach 
includes three experimental strategies: i) the production of powder samples in the P+T 
system,  ii) the post-treatment of thin films produced by magnetron sputtering PVD 
and iii) a theoretical study of the electronic properties of N-doped SnO2. The 
description of the equipment, standard experimental procedures and prime materials 
as well as the characterization techniques and the software used for the theoretical 
calculations are presented in Chapter 2. 
The first experimental approach is set out in the Chapter 3, consisting in the P+T 
treatment of tin (II) oxide (SnO) powders to produce SnO2. The decomposition of SnO 
at temperatures DERYHÛ&UHJXODWHGE\WKHDYDLODELOLW\RIR[\JHQ and also produces 
traces of metallic Sn.74 This is done to investigate the role of plasma during the 
formation of the SnO2 crystalline structure, especially nitrogen active species which 
could result in doping and have potential to modify the nano-scale structure. 
The second approach is set out in Chapter 4, consisting on the production of thin 
films by magnetron sputtering (plasma) PVD in a heated substrate (temperature) and 
post treatment with the P+T system. This procedure aims to produce a homogeneous 
surface that can be directly treated by plasma and clearly characterized and could also 
enable the production of bulk N-doping if N2 is used during deposition. 
19 
 
In chapter 5 the computational calculation of the electronic properties of doped 
SnO2 crystals are set out. This analysis aims to explain the effects of nitrogen doping 
in the electronic structure of SnO2, including the possible generation of p-type 
electronic states and the regulation of the Fermi level by the acceptor role of Nitrogen. 
This strategy has a strong potential for the production of SnO2 advanced 
materials with controllable electronic properties with strong potential for LIB anodes 
and other applications. This approach will also provide information about the synergy 
of plasma and temperature that could also be beneficial for the tailoring of other metal 
oxide semiconductors. The comparison of experiments and theory can help to 
understand the role of nitrogen doping in the electronic structure of SnO2. The 
conclusions drawn from this investigation are set out and discussed in Chapter 6.  
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2 – EXPERIMENTAL APPARATUS AND METHODS 
In this chapter the materials and methods used to develop the experimental 
strategy are described in detail. This includes two system that combine plasma and 
heat for the production of SnO2 materials: the P+T system and the magnetron reactive 
sputtering PVD chamber. The standard procedures for the use of this equipment such 
as pumping and cleaning are described. The characterization techniques used in this 
investigation are listed and their working principles explained as well as a brief 
description of the information they provide. Finally the computational software and 
parameters that were used for the theoretical calculations are presented. This 
information allows for a better understanding of the investigation and eases the reading 
of the following chapters. 
2.1 – PLASMA PLUS THERMAL SYSTEM 
In order to investigate the capabilities of combining cold plasma and heat for the 
production of N-doped nanostructured SnO2 materials a unique Plasma + Thermal 
(P+T) system was developed. Consisting on a RF source located inside a furnace 
(Figure 2.1: P+T system), this system was used for the treatment of SnO powders to 
produce N-doped nanostructured SnO2 as described in chapter 3. It was also used for 
the post-treatment of SnO2 thin films the second experimental procedure described in 
chapter 4 that investigates the doping and nanostructuring mechanisms. 
The generation of gas discharge using RF is possible at low pressure. A vacuum 
chamber was therefore used consisting of a quartz tube (d=5 cm, L>1 m) located along 
the gap of a tubHIXUQDFH7HWORZÛ&DQGVHDOHGE\WZRDOXPLQium caps at its 
ends. The thermocouple is located in the middle of the inner face of the furnace, facing 
the quartz tube where the samples were placed. The gases used on this equipment 
include Ar (purity 4.2), N2 (5.0) and a mixture of N2+15%H2 (5.0, 5.0) distributed by 
Coregas PTY LTD. The gas flow is controlled by a manual flowmeter and enters the 
chamber through a valve in one of the aluminium caps. The chamber pressure is 
controlled by adjusting the inlet gas flow on a constant operation of the vacuum pump.  
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A vacuum gauge with a quartz oscillator sensor (Adixen, ACM 2000 Multi 
Channel Controller) and the vacuum pump (Adixen, Drytel 1025 C) are connected to 
the output cap and controlled by a passing valve. The output cap is also adapted with 
a specially designed stainless steel lid that supports the plasma RF electrodes inside of 
the chamber and connects them to the generator in the outside. (Figure 2.2: Electrode-
holding vacuum lid) 
The electrodes are two stainless steel plates (20×50 mm2) and the lower electrode 
has a small border (~1 mm) to avoid the powders or silicon wafers from sliding down 
(Figure 2.3: RF plasma electrodes). Stainless steel shafts fix the electrodes to the 
vacuum lid and sustain them in the centre of the tube furnace at an adjustable distance 
from each other (5<d<30 mm). The vacuum lid also connects the electrodes to a 
matching box (VarioMatch, Dressler) and an RF generator (13.53 MHz, 300 W, 
CESAR, Advanced Energy) that provides the power to produce the gas discharge. The 
above mentioned are the capabilities of the generator. The settings for each series of 
experiments are detailed below along with the experimental procedure.  The small 
volume between the electrodes allows the generation of an intense gas discharge with 
a reasonable power usage. 
Figure 2.1. In the P + T System, treatment gas is supplied through a flow controller (a) into a quartz 
tube that serves as vacuum chamber (b), located in a tube furnace (c). A specially designed 
aluminium cap (d) holds the electrodes (e) inside the tube and connects them through a matching 
box (f) into the RF generator (g). The chamber is connected to a vacuum gauge (h, j) and a vacuum 
pump (i). 
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Due to the high frequency, RF power can be transmitted by conductors, 
semiconductors and even air producing interference with electronics and presenting a 
safety risk if users are exposed to it. For this reason the P+T system is located inside a 
specially designed Faraday cage that prevents any RF power from escaping (Figure 
2.4: Faraday Cage). 
The usage of the P+T 
system consist basically of four 
steps: sample preparation, Ar 
cleaning, heating up and 
treatment. 
The raw material for the 
first set of experiments is SnO 
powder (Sigma, >99%, d<10μm). 
After the electrodes are cleaned 
with ethanol and let dry in oven, 
approximately 500 mg of powder 
is regularly spread on top of the lower electrode and the upper electrode is set ~20 mm 
above. For the second experimental strategy the P+T system was used for post-
treatment of the thin films which were located in the lower electrode. 
Once the electrodes with 
the sample are set in place, the 
input valve is closed and the 
vacuum pump turned on until the 
pressure reaches 5.0×10-2 mbar, 
the standard operation pressure 
(PSTD). At this stage a purging 
procedure is performed 
consisting of three repetitions of 
opening the inlet valve until 
pressure reaches 5 mbar (100 
PSTD) and then closing it until 
pressure reaches PSTD again. 
After the purge the pressure in the 
chamber is maintained constant 
Figure 2.2. Specially designed vacuum lid adapter for RF 
electrodes in the Plasma + Thermal system. 
Figure 2.3. Stainless steel electrodes designed for the 
P+T system. The upper electrode is flat while the lower 
one has a 1mm border to keep samples from falling. The 
gas discharge is generated by RF power (100 W, 
13.56MHz). 
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by regulating the input gas flow during heating, cooling and plasma treatment. An Ar 
plasma cleaning procedure is then performed using 100 W for 60 seconds at room 
temperature. The highly energetic Ar plasma species allow the removal of gaseous, 
liquid and solid contaminants in the chamber and in the surface of the sample. After 
the plasma cleaning, the inlet valve is closed and the chosen treatment gas is connected. 
A purge is performed with this gas and the chamber is then maintained at the standard 
pressure. 
When the chamber is clean 
and the pressure adjusted with the 
treatment gas, the thermal 
treatment starts. The furnace is 
ramped up during one hour to 
reach the treatment temperature 
and then is left to stabilize for ten 
minutes before starting the 
plasma treatment. This is done to 
stabilize the chamber and ensure 
the temperature of the samples is 
consistent with that of the 
thermocouple. No other means of 
measuring the sample temperature were used.  
Thermal-only treated samples were left at stable temperature for one hour before 
cooling down. For P+T treatment the gas discharge was produced for the same period 
of time using 100 W. This setting was selected to optimize the stability of the gas 
discharge. The gas discharge could not be consistently initiated with lower power. In 
the other hand higher power resulted in unstable gas discharge that oscillated between 
the volume between the electrodes and the rest of the chamber. 
 After adjusting the settings, the generator is turned on, the matching box is 
automatically adjusted to fit the impedance of electrodes, and the gas discharge is 
started and maintained for one hour. 
After the treatment, the generator is turned off and the system is kept at constant 
temperature during ten minutes for stabilization of the samples. Following, the input 
gas is changed to N2 to avoid H2 in the cooling chamber that could result in the 
formation of moisture in the samples. The chamber pressure is then adjusted to PSTD, 
Figure 2.4. Stainless steel electrodes designed for the 
P+T system. The upper electrode is flat while the lower 
one has a 1mm border to keep samples from falling.  
24 
 
the furnace is turned off and external air flow (not inside the chamber) is fostered using 
a fan for cooling down.  
Once at room temperature, the chamber is ventilated by closing the output valve 
and letting air in through the input valve. The electrodes are then taken out of the 
chamber and the samples saved in a proper container. Powder samples are shaken on 
to aluminium foil, which is funnelled to pour the powder into a glass vial. The 
characterization of the sample was undertaken within two days of production. 
2.2 – MAGNETRON SPUTTERING PHYSICAL VAPOUR DEPOSITION 
The second experimental procedure investigates the synergy of cold plasma and 
temperature for the treatment of thin films as a model surface. Thin films are produced 
using magnetron reactive sputtering PVD (plasma) in a heated substrate (temperature). 
The production and treatment of thin films will provide a model surface to understand 
the plasma-solid interactions and will also help to compare between bulk and surface 
doping and their effects in the electronic properties of SnO2. 
This procedure is performed using the PVD chamber of the Advanced Plasma 
System in the Plasma Laboratory (see Fig. 2.5). This system consist of a stainless steel 
vacuum chamber with a magnetron sputtering unit in the bottom and a heated substrate 
located in the top. 
The chamber has a volume of approximately 75 litres and a front door with a 
quartz window that allows the view of the gas discharge during the process. A mixture 
of up to three gases can be adjusted using digital mass flow controllers (Alicat 
Scientific) connected to the inlet valve of the chamber. The gases used in these 
experiments are Argon, Nitrogen and Oxygen (4.2, 5.0 and 5.0 respectively, Coregas). 
A roughing pump (Adixen ACP15, 4 l/s) is used to evacuate the chamber initially and 
a turbo molecular pump (Adixen ATP100, 100 l/s) with a high suction area is used to 
reach and maintain high vacuum during the deposition. The pressure in the chamber is 
surveyed by a vacuum gauge (999 Quattro multi-sensor transducer, PDR900-1 
controller, MKS). The chamber pressure is regulated by adjusting the incoming gas 
flow on a constant operation of the vacuum pump. 
A gas discharge is produced using an RF potential between two electrodes. In 
this procedure the electrodes are the magnetron in the bottom of the chamber and the 
body of the chamber, including the substrate in its top. The magnetron has a circular 
face located in the bottom of the chamber and it is connected to a power source 
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(TruPlasma DC 40c1) that provides high DC voltage to generate the gas discharge. All 
the experiments in this work were performed using 500 W of power and a current of 
200 mA (~2.5 kV) to generate the plasma. The magnetron combines the high voltage 
with a magnetic field that concentrates the plasma near the target and increases the 
sputtering rates. In this case the magnetic field is generated by a series of strong 
magnets located in the centre (north) and in the perimeter (south) of the anode that 
generate a doughnut-shaped field (see Fig. 2.5 and 2.6). 
The target is a disk of a high purity metal or metal oxide, and it is located on top 
of the magnetron. The positive ionized plasma species are attracted to the negative 
potential of the cathode and hit the target with enough energy to cast its atoms across 
the chamber into the substrate. Some depositions are designed so the sputtered material 
Figure 2.5. The PVD chamber of the Advanced Plasma System with the basic schema of the 
magnetron, electric and magnetic fields and the interactions of the basic plasma species used in this 
work. A mixture of gases is fed though the gas inlet and the pressure is regulated by a vacuum gauge, 
a vacuum pump and a turbo molecular pump for high vacuum. Plasma is produced by a magnetron 
connected to a High Voltage DC power souce that generates the gas discharge. Ionized plasma 
species are attracted by the anode and hit the target with enough energy to cast its atoms towards 
the substrate. A heating element is located above the substrate to provide temperature control during 
the deposition. The chamber is connected to a PE-CVD chamber through a vacuum interlock, but 
this resource was not used in this work. 
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reacts with the plasma species or with the gas phase altering the chemistry of the 
deposited films, thus its name magnetron reactive sputtering. This is an effective 
strategy for deposition of metal oxides and doping. 
This system has a metallic lid that can be placed above the target to avoid the 
sputtered material reaching the substrate while the plasma is being set up. This lid can 
be controlled from the exterior of the chamber and once the plasma is ready, it is 
removed to start the thin film deposition. The preferred substrate is fixed on a stainless 
steel base and set at the top of the chamber. A heating element is located above the 
substrate and connected to an external power source that allows a fine control of the 
temperature and heating rates. 
The standard procedure for the deposition of the films is described below 
consisting basically on the following steps: setup, plasma cleaning, heating up and 
deposition.  
For this research a Sn target was used (purity 4.0, Goodfellow Cambridge 
Limited).  All the films were deposited on small square pieces (~5 cm2) of silicon 
wafer (Goodfellow, 1/16” thick) with atomic planes (100) parallel to the surface. The 
preparation of the substrates included a careful cleaning with ethanol and laboratory 
wipes followed by ultra-VRQLFDWLRQLQHWKDQRODQGGU\LQJDWÛ&IRUIHZPLQXWHV7KH
wafers were then fixed to the substrate holder and put in the chamber.  
Once the substrate is set in 
place the door is closed and the 
roughing pump is started. When 
the pressure reaches 1.0×10-1 
mbar, the turbo molecular pump 
is turned on and left few hours to 
bring the pressure down to 
1.0×10-5 mbar, the base pressure. 
A purging procedure is then 
performed consisting of three 
repetitions of opening the gas 
inlet flow until the pressure 
reaches 5.0×10-2 mbar and 
closing it until the pressure falls back to 1.0×10-4 mbar. This purging is done every 
time the chamber is filled with a new gas and it ensures that no contamination remains 
Figure 2.6. The Advanced Plasma System with the 
PECVD chamber in the left and the magnetron reactive 
sputtering PVD chamber in the right. The gas discharge 
can be observed through the quartz window. 
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in the chamber. After purging the chamber is stabilized at 5.0×10-2 mbar for the gas 
discharge. Before every deposition the target is cleaned with Ar plasma for 10 mins to 
get rid of the surface oxide layer which otherwise might contaminate the deposited 
thin film. The chamber is then purged with the gas mixture that is going to be used in 
the deposition. When pressure is stabilized the heating element is turned on and the 
substrate heated up regularly during one hour to reach the desired temperature. 
Once the substrate temperature and the chamber pressure are stable, the power 
source is turned on and the plasma can be observed within few seconds (see Fig. 2.6). 
When the gas discharge seems stable, the cover lid is moved away for the deposition 
to start. Films were deposited during 30 minutes for this investigation. When the 
deposition is finished, plasma is turned off and the samples are left to stabilize for ten 
minutes. Past that time, the heating element is switched off and the chamber is left to 
cool down until room temperature is reached (approx. 1 hr). Finally the outlet valve is 
closed, the chamber ventilated with air and the samples are taken out and placed in 
containers for transportation and characterization. The characterization was 
undertaken within two days of production. 
2.3 – CHARACTERIZATION TECHNIQUES 
The recognition of the significant properties of the samples including 
composition, crystallinity, doping ratios and electronic properties require the use of 
specialized techniques. The information they provide is necessary for the assessment 
of the achievements of the experimental approaches. The function principles for these 
techniques as well as the equipment specifications and sample preparation are 
described below. 
2.3.1 – Scanning Electron Microscopy 
Similarly to the human eye detects visible light that bounces on objects, SEM 
uses highly energetic electrons to illuminate the sample and detect the electrons as they 
bounce back. The very small wavelength of such electrons (<20 pm) compared to 
visible light (>400nm) allows the detection of detailed features at high magnifications 
(<100kx). 
This technique will be used to observe the changes in the morphology of the 
powders samples through the conversion from SnO to SnO2. It will also be used to 
study the effects of P+T treatment on the surface of thin films as well as a precise 
measurement of their thickness on a tilted stage. 
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For SEM the powders were spread on the surface of fresh silver paint on an 
aluminium pin and dried in vacuum overnight. To avoid charging thin films were fixed 
in with carbon tape and coated with gold (5nm) using a VG/Polaron SC 7620 sputter 
coater. A standard plasma cleaning procedure (10 min) was followed inside the 
chamber of a Carl Zeiss Supra 55vp operating at 5 kV accelerating voltage and 5 mm 
work distance.  
Energy Dispersive X-Ray Analysis 
SEM can also provide the elemental characterization of the samples through the 
use of Energy-dispersive X-ray Analysis (EDX). This tool is based on the 
characteristic X-Rays that different atoms emit when they are excited by the electron 
beam. When any electron in the atom is hit by the incoming electron beam, it is casted 
away from the atom leaving a hole behind. When an electron in a higher shell fills the 
hole, the difference in energy between the shells is released in the form of an X-ray. 
Measuring the energy of these emissions, different elements can be recognized and 
mapped in the SEM image. 
This tool will be used to verify the composition of the samples as well as the 
homogeneity of the compounds and the nitrogen doping. 
For this technique the powder samples were spread on graphite paste and carbon 
coated to improve conductivity. Energy-Dispersive X-ray Spectroscopy (EDX) was 
performed in the same SEM using an Oxford X-Max 20 SDD detector and a 20 kV 
beam.  
2.3.2 – X-Ray Diffraction 
X-ray Diffraction (XRD) is a non-destructive analytical technique that provides 
information about the crystalline structure of the samples. Each set of atomic planes in 
a crystal reflect the X-Rays only at specific angles. The conditions at which reflections 
are possible are described by Bragg’s law: 
݉ߣ = 2݀ sinߠ    (eq. 2.1) 
:KHUHP LV DQ LQWHJHU Ȝ LV WKHZDYHOHQJWK RI WKH;-Rays, d is the distance 
between each of these planes DQGșWKHDQJOHRIUHIOHFWLRQ. For their study samples are 
exposed to the beam and the reflection angles are detected by the equipment. 
Comparing the reflections to standard patterns, the crystals present in the sample can 
be distinguished. Using the adequate analytical tools the proportional amounts of each 
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compound as well as their crystal sizes and crystal deformations can be calculated from 
the diffraction patterns. 
This tool was used to detect the different compounds present in the samples, such 
as metallic Sn, SnO, SnO2 and Sn3N4. Significant deformations in the crystal lattice 
can be also detected. In the first approach this tool will help to study the evolution of 
the SnO-SnO2 conversion at different temperatures and the effects of the plasma in the 
process. For the second approach it will help to recognize the film crystallinity and 
composition. 
A PANalytical X’Pert PRO was used for the measurements, with a 
PRQRFKURPDWLF &X .Į VRXUFH Ȝ  QP DW  N9 DQG  P$ )RU WKHLU
characterization, the powder samples were compacted on double-sided carbon tape and 
attached to a glass slide.  The range oIGHWHFWLRQZDVIURPÛWRÛXVLQJÛVWHSV
for 1 s each. TKLQILOPVZHUHDQDO\VHGZLWKRXWIXUWKHUSUHSDUDWLRQLQWKHUDQJHRIÛ
WRÛWRDYRLGWKH strong aÛ peak characteristic of Silicon. A ÛUHVROXWLRQDW
1.5 s per step was used to obtain clear spectra. Compound weight percentages were 
calculated with High Score Plus software, utilizing integrated peak areas and empirical 
reference intensity ratio (RIR) factors. Examples of spectra and weight percentages 
can be found in Figures 3.3 and 3.4 respectively. 
2.3.3 – X-Ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic 
technique that provides information about the elemental composition and chemical 
bonds of the elements that exist within the sample. The technique is based on 
measuring the energy of the electrons that escape an electronic orbital when an X-ray 
with high energy hits them. The kinetic energies of the emitted photoelectrons are 
measured and the binding energy of the photoelectrons are calculated using the 
formula: 
ܧ௄ = ݄ݒ െ ܧ௕     (eq. 2.2) 
Where Ek is WKHNLQHWLFHQHUJ\KLV3ODQN¶VFRQVWDQWȞLVWKHZDYHOHQJWKRIWKH
X-ray and Eb is the binding energy. The binding energies are the foot print for each 
element and are sensitive to the chemical state of the element. This leads to the 
identification of each element and its bonds with other atoms. For a depth scan ion-
beam etching is used to remove atoms from the surface and spectra are then collected 
at several depths. 
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This technique will be used to measure the amount of nitrogen in SnO2 and the 
energy of the bonds with other atoms. This information will show which atoms are 
bonded to nitrogen and thus will help distinguish if the doping is superficial N2, 
interstitial or substitutional doping. This information will be crucial to determine the 
capabilities of the P+T system to achieve nitrogen doping and tailor the electronic 
properties of SnO2. 
The spectra were obtained using a ThermoScientific K-alpha XPS operated at 
15 kV accelerating voltage and 20 mA emission current, using a 400 μm spot size. The 
binding energies of all the spectra were adjusted to correct charge shifts by setting the 
lowest energy peak of the C1s to 284.6 eV. The survey spectra were obtained at a pass 
energy of 100 eV, while high resolution peak scans were performed at a 20 eV pass 
energy. The peak scans were used to obtain the elemental composition of C, N, O and 
Sn. Element percentages were calculated by Gaussian curve fitting and scaling with 
Relative Sensitivity Factors. Spectra from three different points in significant samples 
were taken in order to verify the consistency of the measurements. 
2.3.4 – Transmission Electron Microscopy 
Transmission Electron Microscopy (TEM) is similar to SEM since an electron 
beam is used to produce the images, but in this case, the image is produced with the 
electrons that go through a thin specimen into a detector, instead of the ones that 
bounce back. The high magnification translucent images produced by this equipment 
provide information about the morphology and crystallinity of the samples. To be 
analysed powders were suspended in ethanol and let dry over standard copper mesh 
then examined using a JEOL2010 operating at 200 kV. 
Selected Area Electron Diffraction 
TEM is used in combination with Selected Area Electron Diffraction (SAED) 
that provides information about the crystalline structure of a specific area in the 
sample. When the electron beam is focused in a crystal, electrons interact with the 
atomic planes and are diffracted at angles that are characteristic to the crystal. Mapping 
these angles allows the recognition of the crystalline compounds present in the sample 
as well as their orientations. 
This technique will be used to verify the crystalline compounds produced in the 
powders after thermal-only and plasma plus thermal treatment through the distinction 
of their crystalline structures.  
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2.3.5 – Cathodoluminescence 
Cathodoluminescence (CL) is a spectroscopic technique that provides 
information about the electronic structure of a sample based on the light that it emits 
while subjected to an electric potential. This process is similar to the photoelectric 
effect, but in opposite way: instead of an electric voltage produced by the absorption 
of light, CL is based in the emission of light when a voltage is applied to the 
semiconductor. The emissions are filtered by a monochromator and a light detector 
measures the intensity at each frequency, which is then recorded by a computer to form 
the spectrum. The energy of the emissions is proportional to the energy gap between 
the excited and the base orbitals, thus the spectra provides information about the band-
gap and the states around it. 
Using this technique the alterations in the band-gap of SnO2 materials caused by 
nitrogen doping can be monitored, such as the expected reduction of the band-gap and 
the generation of inter band-gap states. 
Thin films on the silicon wafers were fixed to a stainless steel stub for their 
analysis. Powders were deposited on silver paint and let dry in vacuum. CL spectra 
were recorded using a Gatan MonoCL2 system installed on a Cambridge 360 
Stereoscan SEM with a photomultiplier detector. The potential applied to the films 
was 20 keV, using a 5 μA current at room temperature.  
2.3.6 – Optical Microscopy 
This instrument was used to study changes in the surface of the films after the 
P+T treatment and as part of an approach to measure the thickness of the films. RGB 
coloured as well as black and white images were obtained using an Olympus DP71 
microscope, at 5, 20 and 100x magnifications. 
2.3.7 – Cyclic Voltammetry 
For the electrochemical characterisation of the synthesized material, electrode 
slurry was prepared by mixing N-doped SnO2 powders, carbon nanopowder (Sigma-
Aldrich, #699632) and poly(vinylidene)fluoride (PVDF, Sigma-Aldrich) in a 90 : 5 : 
5 ratio. NMP (N-methyl-2-pyrrolidone, anhydrous, 99.5%, Sigma-Aldrich) was used 
as a solvent. Electrode slurries were coated onto copper foils and dried in a vacuum at 
90 °C overnight in a conventional oven. The weight of the active material on the dried 
electrodes was between 2 and 4 mg/cm2. Symmetric cells were prepared by immersing 
two nearly identical electrodes separated by a microporous polyethene film (MTI 
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Corp., USA) into the electrolyte. Cells were filled with 1 M H2SO4 electrolyte under 
vacuum and characterised using a Solartron Analytical 1470E potentiostat/galvanostat.  
2.4 – COMPUTATIONAL METHODS 
The aim of the first and second experimental procedures is the production of N-
doped SnO2 materials with enhanced electronic properties like a controlled narrowing 
of the band-gap and the increase of p-type carriers. The intention of the theoretical 
approach is to provide a fundamental understanding of the electronic structure of 
semiconductors and the effects of doping has on it. 
The analysis is performed using the Density Functional Theory (DFT) that 
provides an approximate solution for the many-body Schrödinger equation based on 
the description of the electronic orbitals as a function of the electronic density. This 
theory is implemented by the Vienna Ab-initio Simulation Package (VASP), an open 
source software specifically coded to facilitate the application of DFT and other similar 
theories. The software works upon an initial model of the crystal to perform a variety 
of simulations (time dependent changes in the structure) and calculations (properties 
of a fixed structure), using sets of plain-waves to describe potentials and electron 
densities. Due to the use of matrices to represent particle interactions, the 
computational complexity of the calculations grows exponentially with the amount of 
atoms in the model, so the use of powerful computational facilities is highly 
convenient. The calculations presented in this work were done at the Raijin cluster of 
the National Computational Infrastructure (NCI), Australia’s research computing 
facility. 
Several N-doped SnO2 crystals will be studied and compared to pure and oxygen 
deficient crystals as detailed in chapter 5. The first information to be calculated is the 
optimal location of the positive nuclei. Based on this skeleton the electronic 
distribution is calculated that minimizes the energy of the crystal. This distribution is 
the array of electronic pathways that better accommodate every electron. These 
electronic pathways are called molecular orbitals. As explained in section 1.1.2 the 
highest occupied molecular orbital (HOMO), the lowest unoccupied molecular orbital 
(LUMO) and the energy difference between them is related to the band-gap of the 
material as well as the amount of p-type (HOMO) and n-type (LUMO) charge carriers. 
33 
To obtain this information, 
the calculations requires three 
main steps for each model 
regarding 1) the optimization of 
the atomic coordinates and the 
electronic ground state, 2) the 
calculation of the electron density 
distribution and 3) the generation 
of the band-structure output files. 
A sensible output for the density 
of states (DOS) can be deduced 
from the electron density 
distribution of the second step. 
The flow diagram of this process 
is represented in Figure 2.7. A 
detailed description of the 
instructions that are given to the 
software are presented following. 
This information will be useful if these or similar calculations are to be performed. 
The first step of the calculation performs an optimization of the atomic positions 
and requires four input files called POSCAR, POTCAR, KPOINTS and INCAR. The 
file POSCAR contains the unit cell parameters and the atomic positions of the crystal 
model. The coordinates were generated using a software for molecular edition 
(Avogadro) based on the crystal parameters presented in section 1.1.1. For doped and 
oxygen deficient crystals, oxygen atoms were substituted by nitrogen or simply 
deleted. The second file (POTCAR) contains the intrinsic properties of the involved 
atoms such as mass, valence, and the pseudopotentials used to describe the electric 
field of the nucleus. This information can be obtained from different sources 
depending on the purposes of the calculations. For this work the standard 
pseudopotentials provided by the VASP software were used. In this work all the 
POTCAR files had information for tin and oxygen and the doped samples also 
nitrogen. The third file KPOINTS determines the sampling of the Brillouin zone, 
related to the resolution of the electronic densities. For the optimization, the sampling 
was an automatic grid with 3×3×4 resolution centred in the Gamma point (see Fig 5.3). 
The file INCAR is the central input file and contains the instructions and parameters 
Figure 2.7. Flow diagram of the computational 
calculations that were developed for this investigation. 
Design of the doped crystals was done using Materials 
Studio 5.5. The calculations were developed using the 
VASP code and plotting was done using Microsot Excel 
2013. 
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that the software will follow to proceed with the calculation. The amount of parameters 
specified in this file is too big to be detailed here. Attachment 1 shows an INCAR 
example specifying the values used for all the calculations of this work and their 
function. Amongst other files, CONTCAR is produced after the first step containing 
the optimized atomic positions and will be used for the second step. 
The second step requires the same four input files and calculates the wave 
function of the system and the electronic density distribution. The file CONTCAR 
from the first step is copied to the second step and its name changed to POSCAR, so 
the optimized structure from the first step is provided as the positions for the 
calculation of the electronic density in the second step. The POTCAR file remains the 
same, as the atomic species for the second step are identical. In order to achieve a 
dependable electronic density the resolution in the KPOINTS is increased to 10×10×12 
for the double-sized and 6×6×8 for the triple-sized cells (see section 5.1). The changes 
of the INCAR file are once again detailed in the attachment 1. In this step a full 
description of the system is calculated and stored in the WAVECAR and CHGCAR 
files including atomic coordinates, electronic density and wave-functions. The third 
step take this information and process it to produce sensible output. This second step 
also generates the file DOSCAR that contains the density of states for all valence 
electrons of each atom. This file is processed with a specific code (split_dos, 
http://theory.cm.utexas.edu/vtsttools/scripts.html) to separate the information into 
individual files for each atom. In this work, the splitting of the DOS will allow to find 
the energies that electrons have around each atom of the crystal. This will help to better 
understand the specific electronic orbitals that nitrogen generates in the molecule. 
The third step uses the same four input files plus ones produced in step two 
(WAVECAR and CHGCAR) to produce a graphic representation of the band structure. 
The POTCAR and POSCAR files are the same as step 2, since the crystal model was 
already optimized. In the band structure graph only the electronic states along a 
specific path of the Brillouin zone are represented (see Fig. 5.3). This path is described 
by the KPOINTS file using 41 points for each segment. Changes in the INCAR file 
are detailed in attachment 1. Once the calculations finished, the band structure is saved 
in file called EIGENVAL and later processed with a special code (bands.f90, 
https://code.google.com/p/vaspkit/source/browse/trunk/0.1/band.f90?r=2) to produce 
manoeuvrable output. Through a careful analysis of the band structure, the main 
electronic properties of the material can be inferred, like the size of the band-gap, 
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whether it is direct or indirect, the amount of n-type and p-type carriers and the 
generation of new electronic states. 
All the information provided by these calculations was manipulated for plotting 
using a standard spreadsheet software (MS Excel). 
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3 – NANOSTRUCTURED N-DOPED SnO2 POWDERS 
In this chapter the first experimental approach is detailed that investigates the 
capabilities of the P+T system to produce N-doped SnO2 materials. This approach is 
based on the treatment of SnO powders at high temperature to produce SnO2.  
Temperature allows the conversion from SnO to SnO2 while the reactive 
nitrogen species in plasma interact with the forming crystal. This reactive species can 
induce doping through ion-implantation67, 75 and reactive sputtering PVD76 and 
nanostructuring.63, 77 Nitrogen doping has been suggested as a strategy to increase p-
type carriers and reduce the band-gap. Nanostructures have a high surface area and 
increase resistance to volume changes compared to bulk. These possibilities can 
improve the potential of SnO2 as an anode material for Li-ion batteries but also for 
applications like UV sensors, LED’s and p-n junctions. The detail of the experimental 
setup and the results are presented and discussed as follows.  
3.1 – EXPERIMENTAL APPROACH  
The Plasma plus Thermal (P+T) system used for this procedure consist of a 
parallel electrode RF plasma source located inside a furnace. The design and function 
of this system is detailed in section 2.1 along with the standard procedures used for the 
experiments, such as chamber cleaning, heating, cooling, etc.  
In order to study the thermal-only conversion and the effects that plasma has on 
it, three sets of powder samples were produced with the P+T system. The first one was 
treated only with heat (no plasma) as a control to verify the conversion by temperature 
alone. The second was treated with heat and N2+H2 plasma to study the effects of 
nitrogen plasma species in the conversion. The third set was treated with heat and Ar 
plasma to compare the effects of inert reactive plasma species (argon) with chemically 
reactive plasma species (nitrogen). Room temperature (only plasma) treatment was not 
considered for this strategy. As will be shown below the production of SnO2 through 
this method is possible only at high temperatures. 
The first set of samples was treated only with heat during one hour at eleven 
WHPSHUDWXUHVLQWKHUDQJHRIWRÛ& in a N2+H2 atmosphere. After locating the 
samples in the RF electrodes into the furnace the chamber was filled with N2+H2 and 
the pressure set to 5×10-2 mbar. The chamber was then heated up during one hour to 
achieve the set temperature that was maintained for one hour more and then the 
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chamber was cooled down. This set served as a control study of the SnO-SnO2 
conversion by temperature alone. 
For the second set of samples P+T treatment was used. The same gas and 
temperatures were used, but RF power (100 W) was applied to generate the gas 
discharge during the one-hour treatment at the set temperature.  
Inside the plasma N2 molecules are dissociated and reactive nitrogen species and 
ions are produced that interact with the solid and deliver high energy. When oxygen 
interacts with active hydrogen species in the plasma, water is formed that is easily 
removed in the vacuum78. The aim of using a mixture of hydrogen in the gas discharge 
is to subtract any oxygen in the gas phase. For safety reasons the percentage of 
hydrogen in the gas was limited to 15%. This oxygen removal is expected to increase 
the likelihood of nitrogen to take part in the SnO2 crystal. 
The third set of samples was also produced with P+T treatment using Ar gas 
instead of N2+H2 gas. Since argon is a noble gas it cannot interact in a chemical 
reaction with the samples and so the comparison with nitrogen plasma will help to 
identify any possible chemical interactions of nitrogen species during the conversion. 
The characterization of the composition, doping, nanostructure and electronic 
properties of the produced samples are presented as follows. 
3.2 – SnO-SnO2 CONVERSION 
The production of samples in this approach is based in the thermal conversion 
from SnO to SnO2. When no external source of oxygen is available, the conversion is 
a gradual process slowed down by the relocation of oxygen and metallic tin is also 
produced.78a The conversion is described by: 
2ܱܵ݊ ՜ ܱܵ݊ଶ + ܵ݊     (eq. 3.1) 
The evolution of the SnO to SnO2 conversion can be observed in the changing 
morphology of the samples as temperature increases. Scanning Electron Microscopy 
(SEM) was used as detailed in section 2.3.1 to study this aspect. Pristine SnO disks 
(Figure 3.1a) start recrystallizing when the samples are heated up to the critical 
conversion temperature 7F§Û&. As the SnO2 crystals are formed, the oxygen is 
depleted and the remaining Sn accumulates in the vicinity (Figure 3.1b, c) as droplets. 
This shape suggests that tin is in a liquid state during the treatment, as expected from 
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LWV ORZHUPHOWLQJ WHPSHUDWXUH Û&This process was observed also in the P+T 
treated samples. 
The elemental composition of the samples was studied using Energy Dispersive 
X-Ray Analysis as detailed in section 2.3.1. A characteristic disk-shaped particle found 
after N2+H2 plasma treatment is shown in Figure 3.2. All the samples presented a very 
clear signal for Sn and O as expected. Liquid particles show a much higher 
concentration of Sn and low O as expected from the pure metal. These particles are 
capable of improving the charge/discharge rates of the battery by increasing 
conductivity in the anodes.79 
The O signal in Sn particles is likely caused by surface oxidation of the samples 
and is expected as the pure metal is exposed to air after treatment. This oxidation is 
difficult to avoid as the samples are transported and transferred into the 
characterization equipment. Another important aspect that can be noticed from this 
elemental mapping is the presence of nitrogen in P+T treated samples and it will be 
discussed in depth in the following section 3.3. 
Figure 3.1. Scanning electron micrographs of pristine SnO powder (a) gradually recrystallizing to 
SnO2 after one-KRXUWUHDWPHQWVDWEÛ&FÛ&DQGGÛ&7KHFRQYHUVLRQGHSOHWHV
oxygen and the remaining Sn accumulates as liquid drops, due to its lower melting temperature.  
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X-Ray Diffraction (XRD) compound analysis was used as detailed in section 
2.3.2 to study the crystallinity of the produced materials and changes in composition 
as temperature increases. The spectra gathered from all samples showed clear peaks 
corresponding to Sn, SnO and SnO2 in different proportions as can be seen in Figure 
3.3. The peaks corresponding to SnO can be clearly observed in untreated SnO 
powders used as control. This pattern is also found in samples with thermal-only 
WUHDWPHQWEHORZÛ&$ERYHWKLVWHPSHUDWXUHWKHVLJQDORI6Q2GLVDSSHDUs and is 
replaced by peaks corresponding to SnO2 and Sn. On samples treated with N2+H2 
plasma, the formation of SnO2 can be observed at much lower temperatures. The XRD 
spectra for all samples was analysed as described in Section 2.3.2 to estimate the 
atomic percentages that correspond to each compound in the different samples. A 
diagram of the atomic percentages of samples treated at several temperatures is shown 
in Figure 3.4 corresponding to thermal-only, N2+H2 and Argon P+T treatment in that 
order.  
It is worth noting that in all samples the SnO2/Sn ratio after treatment is around 
75%. This is higher than the 56% expected from the conversion using pure SnO. This 
extra oxygen comes presumably from the surface of the pristine powders that being 
exposed to air has a higher oxidation than the bulk. However the notable feature in this 
figure is the lower temperature range required for the conversion on P+T treated 
samples. 
For the thermal-only treated samples, the conversion VWDUWVDURXQGÛ&DQGLV
FRPSOHWHDWÛ&LQDJUHHPHQWZLWK6(0LPDJHVVHH)LJ,QFRQWUDVW, P+T 
treated samples start changing composition at set WHPSHUDWXUHVDVORZDVÛ&DQG
Figure 3.3. XRD spectra of control, thermal-only (To) and P+T treated samples at significant 
temperatures with N2+H2 gas mixture. The peaks for SnO appear clearly in untreated SnO powders 
used as control and in To samples treated below 430 Û&. The peaks corresponding to SnO2 and Sn 
can be observed for To treated samples above that temperature but also at lower temperatures when 
plasma was used. This suggests that the plasma treatment delivers extra energy that allows the 
reaction to happen at lower temperatures. 
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the conversion seems to be 
FRPSOHWH DW  Û&
corresponding to a conversion 
temperature approximately 120 
Û&EHORZWKDWRIWKHWKHUPDO-only 
treatment.  
The temperature of the 
plasma chamber was constantly 
measured during the plasma 
treatments in order to detect any 
temperature changes. It was 
noticed that even when the 
furnace was set to a specific 
temperature, once the plasma 
treatment started, the temperature 
indicated by the thermocouple 
increased gradually to reach 
DSSUR[LPDWHO\  Û& DERYH WKH
set temperature. In the suspicion 
that RF interference was affecting 
the thermocouple, the 
thermometer display or an 
internal switch, the furnace was 
disconnected from the power point during the plasma treatment. After the one-hour 
treatment the RF power was shut off and the furnace reconnected. The reading of the 
furnace thermometer was still aÛ&KLJKHUWKDQZKHQWKHIXUQDFHZDVGLVFRQQHFWHG
This shows that the reading was not affected by any interference and that the actual 
temperature of the furnace increased during the treatment even when the furnace was 
unplugged. 
The observations in these experiments suggest that the gas discharge provides 
additional heat even when no other source of power is available. This heating effect 
was tested on a sample with a plasma treatment started at room temperature and the 
furnace disconnected. The temperature of the chamber increased rapidly and stabilized 
at ~Û&well before the end of the treatment. After one hour the temperature of the 
Figure 3.4. Compound weight percentages calculated 
from XRD spectra. Upper graph is for thermal-only 
treated samples, while the middle and lower graph are for 
samples treated with plasma + thermal using N2+H2 and 
Ar gas respectively. The smoothed areas represent the 
general behavior of the conversion while the dots 
correspond to particular experiments. Plasma provides 
extra energy that allows the conversion at a lower 
temperature for the P+T treated samples. 
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chamber is stable and can be taken as a close approximation of the temperature of the 
sample. No other source of energy was used, so it can be assumed that the thermal 
energy is coming from the gas discharge. 
The plasma treatment seems to provide extra energy to the system that allows 
the conversion at lower temperatures. The activation of the conversion from SnO to 
SnO2 and Sn can be driven by two sources: thermal or radiative, with activation 
energies of 166 kJ/mol and 25 kJ/mol respectively.80 In this case it seems plausible 
that bombarding ions could provide the energy necessary for the activation of the 
second type, with lower energy threshold. In order to evaluate the plausibility of this 
hypothesis the energy necessary for the conversion of the sample will be calculated 
and compared with estimations of the energy delivered by the ion bombarding. This 
will be done for a single disk-shaped particle and for the whole sample (~500 mg) 
The average diameter of the particles according to the commercial provider of 
the powder is 10 μm and their thickness can be estimated around 1 μm. Given a density 
of 6.45 g/cm3 and a molar weight of 134 g/mol, the activation energy for the conversion 
of one particle is: 
஺ܹ = ܸߩܧ஺ = ݄ߨݎଶߩܧ஺   (eq. 3.2) 
஺ܹ௣ = (1 × 10ିସܿ݉)ߨ(5 × 10ିସܿ݉)ଶ ቀ6.45 ௚௖௠యቁ ቀ25 
௞௃
௠௢௟ቁ ቀ
ଵ ௠௢௟
ଵଷସ ௚ቁ (eq. 3.3) 
஺ܹ௣ = 9.45 × 10ି଼ܬ    (eq. 3.4) 
Where V is the volume of the particle also expressed as ݄ߨݎଶ, ȡ is the density 
and EA is the molar activation energy of SnO.  
As described in section 1.2.1 plasma reactive species deliver potential and 
kinetic energy to the sample that can be estimated if the plasma parameters are known. 
Capacitively coupled plasmas generated with RF frequencies as the P+T system are 
widely used in industry and research because they are a robust and well characterized 
configuration that provides consistent results. The energy provided by the ions 
bombarding of the sheath field can be estimated if the values for electron temperature 
and density are available.  
The characterization of nitrogen capacitively coupled plasma generated by RF 
power has been performed amongst others by Abdel-Fattah et al. in 2011 using an 
electrode configuration similar to that used in this work. Using a Langmuir probe the 
electronic temperature and density was measured at several pressure values in the 
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range 0.04 to 0.50 mbar, coherent to the pressure used in this work (5×10-2 mbar). The 
plasma parameters that will be taken from this reference are the electron density ݊௘ ൎ
7 × 10ଽ ܿ݉ିଷ and electron temperature ௘ܶ ൎ 2.5 ܸ݁ = 4.0 × 10ିଵଽ ܬ. In this article it 
is also shown how the most abundant ion corresponds to N2+ with a mass of 28 a.m.u 
(46.48 × 10ିଶ଻݇݃). Based on the formulas presented on Section 1.2.153 the plasma 
potential can be calculated that corresponds to the kinetic energy of the bombarding 
ions: 
ߝ௜ = ߮௙ = ೐்ଶ ln ቀ
ெ೔
ଶగ௠೐ቁ    (eq. 3.5) 
ߝ௜ = 4.0×10
െ19 ܬ
2 ln ቀ
ସ଺.ସ଼ ×10െ27௞௚
ଶగ×9.1×10െ31௞௚ቁ  (eq. 3.6) 
ߝ௜ = 1.80 × 10ିଵ଼ܬ = 11.2 ܸ݁   (eq. 3.7) 
Considering charge neutrality in the bulk of the plasma, the ion density must be 
equal to the electron density (݊௘ ൎ ݊௜). With this assumption, the flux of ions that 
arrive to the surface of the sample can be estimated: 
ܨ௜ = 0.6݊௜ට௞ ೐்ெ೔ = 0.6(7 × 10
9 ܿ݉െ3)ට 4.0×10െ19 ܬସ଺.ସ଼ ×10െ27௞௚  (eq. 3.8) 
ܨ௜ = 1.23 × 1013  1 ݏ ή ܿ݉ଶൗ    (eq. 3.9) 
In the case of a single SnO particle the area of the plasma interface is 7.85 ×
10ି଻ܿ݉ଶ and the total energy delivered by the ion bombardment during 1 second is 
given by: 
௉ܹ = ݐ ή ܵ ή ܨ௜ ή ߝ௜   (eq. 3.10) 
௉ܹ| (1ݏ)(7.85 × 10ି଻ܿ݉ଶ) ቀ1.23 × 10ଵଷ  ଵ௦ή௖௠మቁ ή 1.8 × 10ିଵ଼ܬ (eq. 3.11) 
௉ܹ| 1.7 × 10ିଵଵܬ    (eq. 3.12) 
This energy is three orders of magnitude smaller than the activation threshold 
for the conversion of the SnO particle into SnO2 and Sn. Similar calculations can be 
done considering the whole sample spread in the area of the electrode which result in 
higher difference, due to the lower surface/volume ratio on this consideration.  
However, the mean free path of ion in SnO particle is around tens of nm. The 
main energy deposition of ion flow occurs in a thin layer with this thickness. Assuming 
a mean free path of a20 nm, the volume in consideration is 50 times smaller with the 
same area exposed to the plasma, and thus the same energy received from the plasma.  
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This higher energy density is still not sufficient for material ablation but can result in 
the heating of this thin layer. Indeed, the weight of this layer can be estimated as: 
ݓ = (2 × 10ି଺ܿ݉)ߨ(5 × 10ିସܿ݉)ଶ ቀ6.45 ݃ ܿ݉ଷൗ ቁ  (eq. 3.13) 
ݓ = 1.01 × 10ିଵଵ݃    (eq. 3.14) 
Taking into account that the specific capacitance of the SnO is ܿ = 0.330 ܬ ܭ݃ൗ  
the increase in the temperature of this thin layer can be calculated: 
οܶ = ௐ௖ή௠ =
ଵ.଻×ଵ଴షభభ௃
ቀ଴.ଷଷ଴ ௃ ௄௚ൗ ቁ(ଵ.଴ଵ×ଵ଴షభభ௚)
ൎ 5 ܭ  (eq. 3.15) 
Thus, ion bombardment does not seem to be a plausible explanation for the 
temperature reduction observed in the conversion of P+T treated samples. 
However ion bombardment is not the only process that delivers energy from the 
plasma to the samples. The collisions of electrons and ions with neutral particles 
increase their kinetic energy and thus the gas temperature. Indeed, the density of 
neutral particles in our experimental conditions is a1015 cm-3 which is six orders of 
magnitude larger than the ion density. Neutral molecules in excited states can also 
interact with the surroundings delivering potential energy. Finally photons in the range 
of IR, visible and UV are produced in the plasma that dissipate energy from the plasma 
into the sample. Heating can be produced by IR photons and more weakly by visible 
light, while UV photons are capable or excitation and ionization. All these processes 
can be a significant source of energy for the samples and given proper insulation, 
considerable temperature increments can be produced. Ultimately the largest portion 
of the energy provided by the RF generator is dissipated in the form of heat. 
The heating observed in plasma treated samples seems to be a result of the 
dissipation of RF power, most likely through the heating of neutral gas particles by 
collision with excited species and radiation from the gas discharge. The temperature 
measured by the furnace thermocouple results approximately 40 Û&DERYHWKHIL[HG
setting of the furnace when the gas discharge is produced. However the difference in 
temperature compared to the settings could be higher for the samples that are directly 
exposed to the gas discharge and directly lying on the electrodes. Such direct exposure 
of the samples to the energetic plasma species and the heat dissipation associated to it 
FRXOG EH DQ H[SODQDWLRQ IRU WKH a Û& UHGXFWLRQ RI WKH FRQYHUVLRQ WHPSHUDWXUH
observed in the samples. 
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The heating effect is thought provoking when the high wattage of the furnace 
(<2400 W) is compared to the 100 W that the RF source uses to produce the gas 
discharge of which heating is just a side effect. Under normal circumstances, heat 
provided by the furnace resistance is dissipated not only into the chamber but also 
towards the exterior. On the other hand, the heat produced by the plasma source is 
delivered exclusively into the furnace chamber. Further investigation on this effect is 
recommended and could lead to the design of a more efficient system that produces 
plasma and high temperatures using a single power source. 
However heating is not the only effect of plasma species in the samples. These 
energetic plasma species can modify the composition and crystalline structure of the 
samples. 
3.3 – NITROGEN DOPING
As observed previously in elemental mapping (Fig. 3.2), nitrogen was detected 
in samples powder treated with nitrogen plasma. The location of nitrogen in the SnO2 
crystal can be mainly in three forms: molecular nitrogen (N2) physisorbed in the 
surface, atomic nitrogen trapped in the gaps of the SnO2 lattice (interstitial doping) or 
replacing O and forming chemical bonds with Sn (substitutional doping). The latter 
Figure 3.5. Nitrogen s1 XPS signal of pertinent plasma and thermal-only treated samples for 
comparison. The ~396 eV peak indicates the chemical bonding of Nitrogen into the SnO2 matrix. 
The bars on the right represent the calculated atomic percentages. This pattern indicates doping can 
be achieved only with plasma near the critical temperature (Tc) 
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possibility is of particular interest because as discussed in the literature review the 
generation of the p-type charge carriers in SnO2 is possible through substitutional 
doping. 
In order to measure the densities of nitrogen as well as its location in the SnO2 
crystal X-Ray Photoelectron Spectroscopy was used as detailed in section 2.3.3. This 
technique provides information about the amount of each element and most 
importantly about the energy of its orbitals.  
The signal detected for Sn and O showed the usual peaks corresponding to Sn-
Sn, and Sn-O bonds in good agreement with the amounts of Sn, SnO and SnO2 
compounds in each sample. The comparison of nitrogen s1 signal for thermal-only and 
P+T treated samples is presented in Figure 3.5.  
The horizontal axis of XPS peaks is related to the bonding energy of the atoms. 
Since the bonds of nitrogen are different for each configuration (N2, N-O, Sn-N) this 
information will help to distinguish what atoms are attached to nitrogen and thus its 
place in the crystal. Energies in the range of ~400 eV are attributed in several reports 
to molecular nitrogen (N2)43-44 and interstitial nitrogen81, while the ~396 eV peak has 
been linked to the bonding of nitrogen in crystalline nitrides like Sn3N482 and TiNx.83 
and substitutional doping in SnO2.81, 84 In all the samples, the observed peak 
corresponds to the second case suggesting that N is accommodated in the crystalline 
structure forming bonds with Sn. The homogenous distribution of nitrogen in the 
surface of the particles can be observed in EDX mapping (Figure 3.2). 
This result is in agreement with early theoretical calculations that predict the 
substitution of oxygen by nitrogen in the lattice to form a SnO2-xNx ( ) structure42. 
According to literature, the similar size of N and O ions allows the substitution in 
crystalline lattices and the lower amount of outer core electrons from Nitrogen reduces 
the amount of electrons in the lattice, acting as an acceptor.43  
In order to achieve a deeper understanding, the mechanisms responsible for 
doping are investigated. An important observation is how the nitrogen doping varies 
with treatment temperature. The doping distribution (Fig. 3.5) can be normalized to a 
maximum of 3 at. % at 437 ÛC with a standard deviation of  Û& (SE=0.16). 
Maximum doping occurs close to the critical conversion temperature (Tc Û&.85 
This pattern provides a clue about the conditions in which the nitrogen species can join 
the crystalline structure. 
1¢¢x
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As explained in the previous section, the SnO-SnO2 conversion can be enhanced 
by the energy that the gas discharge dissipates in the form of heat. However this 
temperature increase is approximately 120 Û& and when the temperature of the 
environment is lower than 300 Û& the dissipated plasma energy is not enough to 
activate the formation of SnO2 and thus the pristine SnO powders remain unchanged. 
This is confirmed by XRD patterns of samples treated at temSHUDWXUHVEHORZÛ&
where the only peaks correspond to SnO (Fig. 3.4). The absence of SnO2 that is 
observed in such samples due to insufficient energy is also expected for any lower 
temperature, including room temperature. 
 However it is notable that for treatment temperatures underneath Tc (e.g. 400 
Û&the conversion is enhanced by plasma but no doping is observed. This suggests 
that the conversion can be completed in the presence of plasma without producing 
doping. Furthermore the highest doping is observed near Tc but decreases at higher 
temperatures. This is maybe due to a low thermal stability of doping, which is lost at 
high temperatures. However it is also possible that once SnO2 is formed, the high 
stability of this crystal avoids further interaction with nitrogen. 
To clarify the synergy of 
plasma and heat in the P+T 
system another experiment was 
run with increasing temperature 
during the plasma treatment 
instead of fixed temperature. This 
treatment started DW  Û&
UHDFKLQJÛ&DIWHURQHKRXURI
the plasma treatment in N2+H2 
atmosphere. This ensured that 
critical temperature was reached 
during the plasma treatment and 
also that any doping was exposed to high temperatures. 
XPS results show a much higher nitrogen signal (4.9 at. %, Figure 3.6) even 
ZKHQWKHWUHDWPHQWWHPSHUDWXUHZHQWXSWRÛ& confirming that doping is resistant 
to high temperatures. Therefore the lower doping of samples treated at high fixed 
temperatures is seemingly caused by the high thermal stability of SnO2 crystal that 
prevents nitrogen from entering and thus doping is avoided. To test this hypothesis an 
Figure 3.6. Nitrogen XPS signal and nitrogen atomic 
percentage of the highest-doped fixed-temperature 
WUHDWPHQWÛ&) and the temperature ramp that startet 
DWÛ&UHDFKLQJÛ&DIter the one-hour treatment. 
The amount of nitrogen doping was almost double with 
the ramped treatment. 
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experiment was done by using a thermal-RQO\WUHDWPHQWDWÛ&DQGRQFHDVVXULQJ
the conversion is complete, a P+T treatment at 4Û&ZDVSHUIRUPHG$VH[SHFWHG
nitrogen doping was negligible confirming that once the SnO2 crystal is formed, no 
considerable doping can be achieved in the powders. 
The pattern of N-doping density with temperature shows the importance of the 
synergy between plasma and heat to achieve doping. According to the results shown 
in Figure 3.5 the highest doping can be achieved only when plasma and the critical 
temperature of the conversion (P+Tc) are present at the same time. Moreover the high 
stability of SnO2 decreases insertion of nitrogen doping after the crystal is formed 
(treatments with T>Tc). This also explains why at lower temperatures (T<Tc) the extra 
energy provided by plasma does not produce doping, but certainly enhances the 
conversion relative to temperature alone. The energy requirements for conversion and 
doping are provided by plasma and heat as depicted in Figure 3.7. 
These results suggest that energetic nitrogen plasma species can join the SnO 
lattice as the SnO2 is forming and 
not after the conversion is 
complete. The energy and density 
of ions in the plasma was 
estimated in Section 3.2 based on 
measurements of similar nitrogen 
plasmas on literature. The most 
abundant species in the nitrogen 
plasma on this conditions is N2+ 
(~15.6 eV) however N+ is also 
present in minor quantities due to 
dissociation as explained in 
Section 1.2.1. The energy of 
atomic nitrogen ions (~14.53 eV) 
is enough to break a Sn-O bond 
and join the lattice. Besides the 
potential energy of their charge, molecular and atomic ions accelerated towards the 
surface by the sheath field also have high kinetic energy (eq. 3.7) that can facilitate the 
replacement of oxygen. However the doping pattern observed in Fig. suggest that even 
Figure 3.7. Schema of the amount of energy provided by 
P+T system to samples treated themal-only and with 
plasma and heat. The extra energy provided by plasma 
species enhances the conversion at temperatures lower 
than TC but also allows the doping at temperatures near 
TC. At temperatures above TC the conversion is finished 
before plasma is applied, and the high stability of SnO2 
reduces the insertion of nitrogen in the lattice. 
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in the presence of N2+ and N+ ion bombarding, significant amounts of doping are not 
observed unless a suitable temperature is set.  
The surface area of powders is very high and boosts the potential for 
applications. Nevertheless a homogenous treatment of all the powder surface is 
difficult and so is the distinction of the material was directly exposed to the plasma 
treatment. A strategy to overcome this challenge will be approached in the next chapter 
after characterizing the nano-scale morphology of N-doped samples and their 
electronic properties. 
A complementary set of three experiments was run with N2 gas instead of N2+H2 
mixture at 400, 430 and 450 °C. This was performed to verify the role of hydrogen in 
the uptake of oxygen from the samples. The XPS signal of nitrogen in the samples 
treated with N2 was up to 30% higher than those treated with N2+H2 gas mixture. The 
presence of hydrogen in the gas discharge did not increase nitrogen uptake and instead 
it reduced. This is probably because the energy provided to the gas discharge is 
partially used by hydrogen ions that cannot produce doping but reduce the density of 
the nitrogen ions. Further investigation of hydrogen mixture plasmas could lead to a 
mechanism to control ion densities in the treatment. 
3.4 – NANOSTRUCTURING 
The interactions of plasma with solids are dominated by high energy ions and 
reactive species as described in section 1.2.1. Besides the doping effects described 
above, these plasma species can be used to manipulate the morphology and 
crystallinity of the treated materials. In order to study this possibility Transmission 
Electron Microscopy (TEM) and Selected Area Electron Diffraction (SAED) were 
used as described in section 2.3.4.  
The morphology of thermal-only and Ar plasma treated samples consisted 
basically in crystalline particles with a scale of micrometres, and no smaller scale 
structure was observed. This is consistent with the SEM images presented before (Fig. 
3.2). For samples treated with N2+H2 plasma a nano-scale polycrystalline structure 
was consistently observed in addition to large crystals. Figure 3.7a-c shows a flat 
particle with a polycrystalline structure found in the 450 Û& N2+H2 plasma treated 
sample. This flake can be observed in (a), while in (b) the dimension and shape of the 
crystallites can be observed. The fringes observed in the micrographs correspond to 
the crystal spacing of rutile SnO2 (110) planes (0.334 nm) and the diffraction pattern 
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(c) is in agreement with the electron scattering angles indexed for this material. The 
remaining images in Figure 3.6d-f show another particle found in the ramped 
temperature sample. The low magnification image (d) shows the cluster is mostly 
nanosized particles and the diffraction pattern (e) confirms the crystal lattice of rutile 
SnO2. 
In the absence of oxygen, the conversion of SnO to SnO2 by temperature 
normally results in a SnO2-Sn composite with micron-sized particles as observed in 
Figure 3.8. Nanosized polycrystalline structure observed by TEM in plasma + thermal treated 
samples. (a) Low magnification micrography of a particle observed after plasma treatment at 450 
Û&, (b) its diffraction pattern and (c) detail of the nanoparticles. The diffraction angles match that of 
the rutile SnO2 lattice, and the observed fringe spacing corresponds to the (110) planes of this 
material (0.334 nm). Sections d), e) and f) show similar results for the temperature ramp treated 
sample. 
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thermal-only or Ar plasma treated samples (Figure 3.2d). Granular nano-structure has 
been achieved through condensation methods, either with the use of solvents86 or 
through evaporation,87 but it is not expected using a thermal-only procedure. The 
nanosized polycrystalline structure observed only in samples treated with nitrogen 
plasma but not with argon suggests that active nitrogen species are essential in its 
formation. 
The formation of a nanostructure can be related to the high energy of nitrogen 
ions. These ions are accelerated by the sheath field and impact the heated SnO crystal, 
bond with Sn atoms and generate the doping. The resulting coordination of N-Sn-O is 
very similar to the O-Sn-O structure and could act as a SnO2 crystal seed if the right 
temperature allows the further conversion. When the ion bombarding enhances this 
process simultaneously in several places of the lattice a polycrystalline structure can 
be generated. This kind of plasma crystal seeding has been produced in silicon films 
with the use of hydrogen 77 and also in other metal oxides.88 This possibility has a 
strong potential in material engineering and a more detailed study is needed where all 
the surface of the sample can be homogenously treated and easily characterized. This 
aim is followed in the next chapter, after studying the effects of N-doping and 
nanostructure on the electronic properties of the SnO2 powders produced with the P+T 
system. 
3.5 – ELECTRONIC PROPERTIES 
The electronic properties of SnO2 are strongly dependent on surface defects and 
impurities in the lattice (see section 1.1.2). For this reason the doping and 
nanostructuring capabilities of the P+T system have a strong potential to alter the 
electronic properties of SnO2. The electronic properties of the samples were studied 
using cathodoluminescence as detailed in section 2.3.5 and the results of the different 
treatments compared. This technique measures the energy of the emitted photons 
corresponding to the energy gap between orbitals and provides information about the 
binding energy and amount of free and occupied electronic orbitals.   
The results shown in Fig. 3.8 correspond WRVDPSOHVWUHDWHGDWDQGÛ&
with thermal-only and P+T treatment. Two wide overlapping peaks can be recognized 
in all the patterns, corresponding to 2.58 and 2.34 eV. As described in section 1.2.2 
these two emissions are commonly ascribed to the jump of electrons from the 
conduction band and its vicinity to states in the lower part of the band-gap. According 
to literature, those photons indicate that some electrons from the valence band and bulk 
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oxygen vacancies jumped to 
oxygen vacancies in the surface 
with a lower energy and released 
the difference in the form of 
photons.89 The higher energy 
photons correspond to electrons 
coming from the conduction band 
and the smaller ones from the 
shallow bulk vacancies. Both 
jumps arrive at the low-band-gap 
states that are attributed to 
surface oxygen vacancies (see 
Fig. 1.2).1 This understanding is 
based on theoretical approaches and confirmed by experimental results using the same 
cathodoluminescence technique for characterization.  
For the samples treated at temperatures near the conversion Û&VKRZQ the 
emissions are enhanced by plasma treatment, increasing around 60% in intensity. 
Despite this sample having the highest nitrogen doping the emissions seem to be 
proportional to the amount of SnO2 present after either treatment. This suggests that 
the increase of this signal is likely caused mainly by the presence of the semiconductor 
and is not strongly related to either nanostructure or nitrogen doping. 
7KH VLJQDO IRU WKH  Û& WKHUPDO-only treated sample is negligible. At this 
temperature the conversion is not possible without plasma and there is no SnO2 in the 
sample. When plasma is applied the SnO-SnO2 conversion takes place and the 
emissions increase two orders of magnitude. However the 2.34 eV nm peak shows a 
higher intensity that is not related to N-doping and could be caused by an increase in 
bulk OV or a reduction of the Fermi level.  
As discussed in section 1.1.2 the electronic properties of SnO2 are strongly 
related to oxygen vacancies in the lattice. Bulk OV are the main source of conductivity 
and produce n-type states in the higher part of the band-gap. A smaller crystal size 
could result in more bulk OV defects and therefore an increase of this emission. On the 
other hand a decrease of the Fermi level can be caused by new states generated in the 
valence band. To clarify the cause of these peak shift a comprehensive study of the 
bulk and surface defects in the SnO2 lattice is necessary as well as further 
Figure 3.9. Cathodoluminescence spectra of only-
thermal and plasma + thermal treated samples for 380 
DQGÛ&7KHVSHFWUDVKRZWZRSHDNVDERXWQP
(~2.58eV) and 524 nm (~2.34 eV) related electronic 
transitions from the conduction band and bulk OV to 
surface OV. (see Fig. 1.2) 
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characterization of their electronic effects. A theoretical analysis of the electronic 
structure of this doped semiconductor will also help to provide a solid explanation for 
the observed effects. These challenges are approached in the next two chapters. 
Cyclic Voltammetry was 
used to verify the energy storage 
capabilities of the N-doped SnO2 
powder as a preliminary analysis. 
The samples were prepared for 
characterization as detailed in 
Section 2.3.7. The performance 
of samples treated with N2+H2 
plasma at 440 ÛC is shown in 
Figure 3.10. However the 
quantification of the anode 
performance or comparison with 
literature was out of the scope of 
this investigation. Therefore only 
a demonstrative test was 
performed. 
3.6 – SUMMARY 
The capabilities of the P+T system for the production of N-doped nanostructured 
materials were tested. With this system SnO powders were treated to produce N-doped 
nanostructured SnO2 materials with potential application as Li-Ion battery anodes. 
The limited oxygen available for the conversion of SnO into SnO2 allows the 
intake of nitrogen in the forming crystal and also produces metallic tin.  The presence 
of metallic material in the anodes increases the conductivity and could improve the 
charge/discharge rates of the battery.79 
The SnO-SnO2 conversion was observed at a much lower temperature on P+T 
treated samples. RF power used to produce the gas discharge seems to heat the samples 
XSWRÛ&DERYHIXUQDFHVHWWLQJV7KLVLVOLNHO\FDXVH by heat dissipating from the 
gas discharge or RF interference with the furnace resistances. However the main 
source of energy that enhances the SnO-SnO2 conversion seems to be reactive plasma 
Figure 3.10. Cyclic Voltammogram of a Li-ion battery 
with N-doped SnO2 powder as active anode material. The 
scan rate is 5 mV/s. This characterization was done only 
as a demonstration of the capabilities of the anode 
material. No control samples were measured because 
quantification of the anode performance is out of the 
scope of this investigation. 
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species that deliver energy into the sample and can also result in doping and 
nanostructuring. 
A controlled nitrogen doping was achieved in the samples treated with N2+H2 
plasma, achieving up to 8 at. % nitrogen in the surface of samples treated near the 
conversion temperature, demonstrating the strong synergy of P+Tc. Doping seem to be 
produced during the formation of the SnO2 crystal by nitrogen radicals (N.) that reach 
most of the sample surface. Doping densities decreased at temperatures above Tc, 
suggesting that the high stability of SnO2 might be hindering the insertion of nitrogen 
after its formation. Energetic N+ ions could produce doping after the crystal formation, 
but the study of this possibility requires a model surface that can be directly treated by 
plasma species and clearly characterized. 
Along with N-doping a polycrystalline nanostructure was observed only in 
samples treated with nitrogen plasma. This morphology was not observed on samples 
treated with Argon plasma, suggesting that nitrogen species are involved on its 
production. Nanocrystals are promising for lithium battery applications, since 
nanostructured materials can typically accommodate volume changes better than their 
bulk counterparts, preserving the anode integrity and increasing cycling performance 
of SnO2 anodes.90 The high surface area of nanostructured semiconductors can also 
result in modified electronic properties as a result of higher occurrence of surface 
defects. The role of the nitrogen plasma species on the formation of the nanostructure 
can be studied using a model surface that can be directly treated by plasma and clearly 
characterized. 
Two cathodoluminescence main emission peaks were detected on the sample, 
with energies of 2.58 and 2.34 eV. These are attributed in the literature to electronic 
transitions between bulk and surface oxygen vacancies. No new active transitions seem 
to be activated as a result of N-doping, however low temperature measurements may 
be required to exclude this possibility. The increase of the emission intensity at 2.4 eV 
in samples treated below Tc could be related to a small crystal size, a reduction of the 
Fermi level or a combination of both. Nonetheless, better understanding of this feature 
and the different electronic effects caused by surface and bulk doping requires a study 
focused in the solid-plasma interface. The proper interpretation of these emissions 
requires a theoretical study to provide a fundamental understanding of the electronic 
structure of semiconductors.  
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4 – SnOXNY THIN FILMS 
The previous chapter described the treatment of SnO powders with the P+T 
system to produce N-doped nanostructured SnO2. The results showed that nitrogen 
doping is mainly produced during the crystallization of SnO2 presumably due to N. 
radicals that filter through the powder. However N+ and N2+ ions have high energy 
(~14.5 and ~15.6 eV respectively) that could break the Sn-O bond (~3.6 eV) and 
replace an O atom from the SnO2 crystal. These energetic ions also seemed to be 
involved in the formation of a polycrystalline nanostructure in the samples but they 
can only interact with the surface that is directly exposed to plasma. A better 
understanding the N-doping and nanostructuring capabilities of the P+T treatment 
hence requires the study of a model surface, rather than a powder, that can be 
homogenously treated and clearly characterized. 
In this chapter another experimental strategy is detailed in which magnetron 
reactive sputtering PVD will be used to deposit SnO2 thin films on a heated substrate 
that will be then treated with the P+T system. The surface of the thin films can be 
directly reached by reactive plasma species and can also be clearly characterized. This 
approach is aimed at determining whether N-doping is possible once the SnO2 is 
formed or only during the formation of the crystal. It will also clarify the 
nanostructuring mechanism and whether nitrogen species are necessary. 
In addition, the effects of N-doping in the bulk could be different and even 
opposite to that in the surface, as is the case for oxygen vacancies. The use of 
magnetron reactive sputtering opens up the possibility of bulk doping by depositing 
the films in a nitrogen rich atmosphere. The comparison of surface and bulk doping 
could then help to distinguish their effects on the electronic properties of the 
semiconductor. 
4.1 – DEPOSITION AND P+T TREATMENT OF SNO2 THIN FILMS 
A magnetron reactive sputtering Physical Vapour Deposition chamber was used 
as detailed in section 2.2 to produce the thin films.  The first set of films were deposited 
using a Sn target and a 1:1 mixture of Ar and O2. Heavy Ar+ plasma ions accelerated 
by the magnetron to hit the target ejecting Sn atoms that interact with reactive O in the 
chamber to then be deposited in the heated Si wafer as SnO2. Using this equipment 
SnO2 films were deposited for 30 min onto a heated substrate located 5 cm away from 
the target. This settings were selected after a number of trials because they produced 
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homogenous films with stable deposition rates. 7KHWHPSHUDWXUHZDVVHWWRÛ&IRU
all samples to ensure SnO2 formation and a room temperature deposition was also 
performed. This comparison is carried out to verify if temperature is required for the 
formation of the SnO2 thin films as was for the production of powder samples. In order 
to assess the repeatability of the results, significant samples were reproduced up to 
four times. 
4.1.1 – Composition 
The composition of the films was analysed using XRD as detailed in section 
2.3.2. The spectra for two samples deposited at ÛC and room temperature is shown 
in figure 4.1. The heated sample shows a very clear pattern of XRD peaks 
corresponding to the crystalline structure of SnO2. In comparison the film deposited at 
room temperature shows no peaks whatsoever suggesting that no crystalline structure 
is formed.  
The high temperature of the substrate provides high vibrational energy to the 
atoms and molecules as they are deposited allowing them to find the most convenient 
configuration thus forming a crystal. Without this energy particles keep the random 
position in which they are 
deposited forming an amorphous 
material where the local O/Sn 
ratio is not homogenous. This 
kind of amorphous films are 
referred to in the literature as 
SnOx ( 2x ), in contrast with 
crystalline SnO2. In agreement 
with the literature these results 
confirm the importance of 
temperature for the formation of 
SnO2. This strategy provides a 
model material to test the effects 
of P+T treatment after the crystal 
formation. 
4.1.2 – Thickness 
Thin films are model materials to study the plasma-solid interaction and the 
electronic properties of the material because they allow the complete surface of the 
Figure 4.1. X-Ray Diffraction spectra of thin films 
GHSRVLWHGDWURRPWHPSHUDWXUHDQGÛ&7KHSHDNVIRU
observed for the second sample correspond to SnO2. No 
crystal is detected in the sample deposited at room 
temperature. This shows the importance of thermal 
energy for the crystallization of SnO2. 
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sample to be treated in a direct 
and regulated manner. The 
surface/volume ratio is inversely 
proportional to the thickness of 
the film and can be easily 
controlled by the deposition 
timing. This control of surface to 
volume also has potential for the 
tuning of the electronic properties 
since it changes the proportion of 
bulk to surface defects on which 
such properties depend. An 
effective technique to measure 
the thickness of the films is of 
high importance. 
Several techniques could be 
used for this aim. SEM provides good precision and a cross-sectional image of the film 
but it is a one spot measurement and requires a meticulous preparation of the samples 
that are then spoiled. The precision of the measurement is much higher with AFM, but 
this technique is time consuming and requires the use of a sharp mask before 
deposition. Most thin films can be easily measured with an optical profilometer but 
this technique also requires a 
mask and becomes unreliable 
when the samples are 
semitransparent as is the case for 
SnO2. A strategy that allows the 
measurement of thickness at 
every point of these transparent 
films with a simple technique 
would be a great advantage.  
An interesting 
characteristic of the films is their 
eye catching patterned colours 
(see Fig. 4.2). The coloured 
Figure 4.2. Colour patterns observed in the films 
illuminated with white OLJKWDWÛ7KLQILOPLQWHUIHUHQFH
causes red, green and blue light to have different 
intensities depending on the thickness of the film. The 
combination of these colours produces a recognizable 
colour pattern. 
Figure 4.3. Thin film interference principle. Constructive 
interference will happen when the optical length from A-
B-C should matches that of A-D and the two photons are 
in phase. 
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appears to be related to the deposition pattern. For example, when an obstacle like a 
mask is set very close to the sample, the colours on its borders change drastically. 
These colours are also observed in the background of the chamber as a rainbow pattern. 
In fact the colour patterns are related to the thickness of the film due to interference of 
visible light.  
As the samples are illuminated with white light, photons bounce in the surface 
of the substrate and come back to the surface of the film. At this point they interact 
with other photons that are reflected by the surface. Only if both photons are in phase, 
they have constructive interference and light bounces back from the film. The phase 
shift of the light wave depends on the optical path difference (OPD) inside the film, 
on the wavelength of the light and in the refractive index of the material compared to 
air. As shown in figure 4.3, the OPD of both photons is: 
ܱܲܦ = ݊௜(ܣܤതതതത + ܤܥതതതത) െ ݊௔௜௥ܣܦതതതത    (eq. 4.2) 
ܣܤതതതത = ܤܥതതതത = ௗୡ୭ୱఏ೔    (eq. 4.3) 
ܣܦതതതത = 2݀ tanߠ௜ sinߠ௔௜௥    (eq. 4.4) 
Where nair and ni are the refractive indexes of air and the film respectively while 
șair and și correspond to the angles of incident and refracted light. The optical path is 
multiplied by the refractive index to consider the alteration of the wavelength in 
different media. Using Snell’s refraction law ( airairii nn TT sinsin  ) we obtain: 
ܱܲܦ = ଶ௡೔ௗୡ୭ୱఏ೔ െ 2݊௜݀ tanߠ௜ sinߠ௜ = 2݊௜݀
ଵିୱ୧୬మ ఏ೔
ୡ୭ୱఏ೔   (eq. 4.5) 
ܱܲܦ = 2݊௜݀ cos ߠ௜ = ݉ߣ  (eq. 4.6) 
 Where m iVDQLQWHJHUDQGȜLVWKHZDYHOHQJWKRIWKHOLJKW This last equation 
is the condition for constructive interference that results in the reflection of each colour 
to appear and disappear repeatedly as the thickness of the film (d) increases. The 
human eye and most optical sensors can detect the red, green and blue (RGB) 
wavelengths. As shown in figure 4.4 the combination of these three interferences forms 
a colourful pattern that can help distinguish the thickness of the film at any given point 
and can be estimated by naked eye. This technique has been used to measure the 
thickness of metal oxides with a resolution of 30 Å.91 In a study of silicon nitride 
(Si3N4) Henrie et al.92 produced a standard thickness-colour scale that will be taken as 
reference for this investigation (see Fig. 4.4). 
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Since the interference 
depends on the refractive index, 
different compounds can present 
different colours corresponding 
to the same thickness. SnO2 has a 
refractive index of 2.00693 very 
similar to 2.001 of Si3N4.94 The 
conditions for constructive 
interference (previous equation) 
imply that not only the refractive 
index can change the colour of 
the films, but also the refraction 
angle which depends on the angle of the incident light. This means that the colours 
observed in the samples will change with the angle of observation, as can be seen at 
grazing angles, where the colour of the films appears to change. However at low angles 
of the incident and refracted light (perpendicular to the surface) the thickness of films 
with the same colour can be approximated by: 
݀ଶ݊ଶ = ݀ଵ݊ଵ    (eq. 4.7) 
Where d is the thickness of the films and n the refractive index of the materials, 
resulting in a difference of 0.23% on the thickness of SnO2 and Si3N4 films with the 
same colour. In order to compare this calculation with experimental results, the cross 
section of the films was measured using SEM with a tilted stage. An example is shown 
on figure 4.5 with a colour-scale measurement for comparison. The colour image was 
taken using an optical microscope at an angle perpendicular to the film. The thickness 
measured with this technique is in close agreement with the expected value from the 
colour pattern of SnO2. 
The different colours that can be distinguished by naked eye correspond to an 
error of less than 5% of the measurements, enough precision for the thickness 
comparison in this project. However the precision of this measurement can be further 
improved by analysing the RGB values of the digital image data95. Using this method 
the deposition rates of the PVD system were calculated to be 17 nm/min (SE=8%). 
The measurement of the films thickness by a simple method could be important to 
characterize the electronic properties of the pure and doped films as well as other 
effects of the P+T treatment on the films.  
Figure 4.4. Schema for the intensities of red, green and 
blue light caused by reflective interference on Si3N4 thin 
films. The resulting coloured patterns can be used to 
calculate the thickness of the film. This colour scale 
produced by Henri et all. will be used as reference 
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The SEM images taken for 
the thickness measurements 
reveal other aspects of the film 
that require some attention. The 
cross section of the films shows 
crystalline columns 
perpendicular to the substrate. 
This is notable because columnar 
crystals are often related to 
preferential crystalline growth. 
The alignment of the crystal 
columns in the thin film will be 
further studied in the next section 
that compares films deposited 
with several gas mixtures. 
4.1.3 – P+T treatment 
The as produced SnO2 thin films were post-treated with the P+T system to study 
the effects of plasma on the already formed crystal. The standard procedures for this 
treatment were performed as described in section 2.1. The films were located on the 
lower electrode and treated DWÛ&for one hour. Air, Ar and N2 were used for the 
P+T treatment in order to compare the effects of different plasma species. The mixture 
Figure 4.5. Thickness measurement comparison. Above 
the colour scale adapted from literature to SnO2 is shown. 
The colour pattern in the film follows the same pattern of 
the standard scale. Below a cross section of the same film 
taken by SEM. Both measurements are in good 
agreement. 
Figure 4.6. Surface morphology of the SnO2 thin films a) as deposited, after P+T treatment with b) 
N2, c) air and d) Ar. Images e-KVKRZWKHFURVVVHFWLRQRIWKHVDPHVDPSOHVWDNHQRQDÛWLOWHG
stage. All images have the same magnification. The flower-shaped nanostructure is only observed 
in samples treated using N2 plasma at high temperature. 
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with hydrogen was not used anymore, due to the lower nitrogen doping rates that were 
observed in the treatment of powders, as compared to pure N2. 
In order to study the surface morphology of the films after the P+T treatment 
SEM was used. In Figure 4.6 as-deposited film is compared to P+T treated samples. 
In a) the surface of a pristine film is shown where the tips of the crystal columns can 
be observed. The use of N2 in the P+T treatment on this crystalline shape results in the 
formation of a flower-like nanostructure as observed in b). Images c) and d) show the 
eroded surface of the films after air and Ar treatment respectively. 
The nanostructure was observed in four different samples produced under the same 
conditions and P+T treated with N2. Furthermore XPS analysis shows homogenous 
doping corresponding to ~2 at. % in films treated with N2 plasma in contrast with 
samples treated with air or Ar where nitrogen was not detected. 
The doping and 
nanostructuring observed in these 
films match the results of P+T 
treatment on powders and 
confirms that nitrogen plasma 
species are directly related to the 
formation of both doping and 
nanostructure. Energetic N+ ions 
(14.53 eV) are capable of 
breaking the Sn-O bond and 
replacing oxygen in the lattice. 
This incorporation of nitrogen is 
possible only when nitrogen plasma is used, but temperature seems to play an 
important role too. To verify the importance of temperature for these results, another 
pristine SnO2 film was subjected to plasma-only treatment with N2 at room 
temperature.  As can be seen in Figure 4.7 this treatment did not have nanostructuring 
effects similar to those of the P+T treatment. This confirms that nanostructuring can 
be achieved only when nitrogen plasma is combined with a suitable temperature 
(PN+Tc).  
The flower-like shape of the nanostructure observed in films provides 
information about the mechanism of its formation. This kind of flower like 
nanostructure has been observed for SnO240 and other metal oxides like ZnO.96 When 
Figure 4.7. SEM image of an SnO2 thin film treated with 
plasma-only at room temperature. Some particles are 
observed in the surface along with some etching. 
However this structure is significantly different from the 
flower-like nanostructure observed at samples treated 
with the same N2 plasma at higher temperature. 
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samples are heated to a suitable temperature energetic nitrogen species seem to 
incorporate in the surface of the crystal. The development of a flower-like structure 
could be caused by swelling of the outer layers of the crystal due to nitrogen 
incorporation. If this the case, it is reasonable to think that the formation of the 
nanostructure is dependent on the orientation of the crystalline planes in the samples. 
This hypothesis will be studied in the next section where different gas mixtures are 
used for the deposition of the films. 
4.1.4 – Electronic Properties 
The N-doping and nanostructuring of SnO2 materials is a potential strategy for 
modifying the electronic properties of this semiconductor. The electronic structure of 
the as-deposited and P+T treated films was studied by cathodoluminescence. The 
emissions of the as deposited samples show a wide 2.34 eV peak and a small shoulder 
at 2.58 eV (Fig. 4.8). These emissions are similar to those observed in the powders and 
are related to oxygen vacancies in the bulk and in the surface. As mentioned for the 
powders the higher intensity of the 2.34 eV peak could be explained by more bulk OV 
or by a reduction in the fermi level. In the as-deposited thin films there is no evident 
reason for the Fermi level to be 
reduced. The low surface area 
(surface/volume) of the films 
compared to powders could be 
related to the higher density of 
bulk OV. This could be clarified 
by producing films with different 
thicknesses and comparing their 
CL spectra. However, the change 
in the electronic properties of the 
films by altering their thickness is 
not related to the doping or 
nanostructuring capabilities of 
the P+T system and falls outside 
the scope of this investigation. 
The CL signal of the films is strongly reduced after P+T treatment DWÛ& 
This effect suggests that surface N-doping and nanostructuring result in a reduction of 
the free charge carriers in the films. As the films are treated, nitrogen reactive species 
Figure 4.8. Cathodoluminescence spectra of thin films 
deposited using Ar+O2 JDV DW  Û& EHIRUH DQG DIWHU
P+T treatment with N2. The emissions decrease six fold 
after treatment suggesting that surface oxygen vacancies 
have been strongly reduced. A small shoulder is observed 
at 1.98 eV after the treatment possibly related to N-
doping. 
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can interact with the crystal surface changing its morphology, replacing oxygen and 
forming chemical bonds with Sn. This can reduce the amount of OV in the surface thus 
reducing the emissions related to them.  
Another small but significant feature in these spectra is the 1.98 eV shoulder 
observed on P+T treated films. A new emission with this energy could be related to 
new electronic orbitals within the band-gap. Even though this shoulder is very small 
the generation of electronic orbitals related to it is a topic that requires study. The 
generation of these p-type states by nitrogen is expected when doping is in the bulk 
material. As the P+T is a surface treatment only a small amount of shallow bulk doping 
is expected. The opposite effects of bulk and surface OV show that electronic 
consequences of defects in the lattice are very different depending on their location. 
Because of this the production of bulk doping was investigated as follows.  
4.2 – DEPOSITION AND P+T TREATMENT OF SNOXNY THIN FILMS  
The combination of nitrogen plasma and a suitable temperature (PN+Tc) resulted 
in the production of doping and nanostructure that cannot be achieved at other 
temperatures or with other gases. However the generation of p-type states by nitrogen 
doping is based on the substitution of oxygen in the bulk of the crystal that might not 
have the same effect in the surface. In this section the possibility of using a mixture of 
N2 and O2 in a reactive sputtering PVD chamber to deposit SnO2 films with bulk N-
doping is investigated. 
4.2.1 – Crystalline Orientation of SnO2 films 
For comparison with pure SnO2 a new set of films was deposited using three 
different gas mixtures: N2 + O2 (1:1), N2 + O2 (7:1) and pure N2. All other parameters 
of the deposition were maintained unchanged. The composition of the samples was 
studied using XRD. The diffraction patterns of these films are presented in Figure 4.9 
in comparison with samples deposited with Ar + O2. 
The observed peaks for all samples deposited with oxygen correspond to SnO2. 
However the intensities of these peaks change drastically, suggesting a preferential 
orientation of the crystal planes. Further characterization of crystalline orientation 
could be done using Transmission Electron Microscopy. Nevertheless XRD peak 
analysis provides enough information to sustain a clear difference in the crystalline 
orientation of the films. The possibility of controlling the crystal orientation is 
interesting because each set of crystalline planes has Sn and O atoms in different 
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dispositions 7KH  SODQHV IRU H[DPSOH SUHVHQW R[\JHQ YDFDQFLHV RQO\ DW Û
relative to WKHSODQHVZKLOHIRUDOOWKHYDFDQFLHVDUHDWÛDQGIRUWKH
SODQHVDWÛ1 Due to their structure, these surfaces have different chemical reactivity 
and different electronic properties hence controlling the crystalline orientation of the 
films would result in a fine tailoring of this material. 
To test this hypothesis SnO2 films deposited using 1:1 and 7:1 N2+O2 mixtures 
were VXEMHFWHG WR 37 WUHDWPHQW DW  Û& and SEM was used to study their 
morphology (Fig. 4.10). Small particles are observed in the samples which are possibly 
remnants of the crystal tips observed in as-deposited films (see Fig. 4.6.a). However 
the effects of plasma are clearly different and no nanostructure is observed suggesting 
that some nanofabrication effects 
can be produced only on certain 
crystal orientations. This also 
shows that plasma effects in the 
surface of the films are highly 
dependent on the orientation of 
the atomic planes. 
The amount of nitrogen in 
the as-deposited and P+T treated 
samples was studied using XPS. 
Nitrogen doping is achieved 
during deposition only when high 
N2/O2 ratios are used. However 
Figure 4.11. XPS nitrogen signal for samples deposited 
with different gas mixtures and P+T treated with N2 at 
Û&'RSLQJLVSURGXFHGLQWKHDV-deposited samples 
only with high N2/O2 gas mixture. However after P+T 
treatment nitrogen doping is observed in all samples. 
Figure 4.9. XRD patterns for thin film deposited with different gas mixtures. The characteristic 
peaks of SnO2 can be observed for all samples deposited with oxygen. However the size of the 
peaks changes drastically for different N2/O2 ratios, suggesting that different crystalline directions 
have preferential growth under different conditions. 
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all samples present significant amounts of doping after P+T treatment with N2 gas. 
This suggests that even when no nanostructure is produced, energetic N+ can displace 
O and form bonds with Sn to produce surface doping.  
4.2.2 – Production and P+T treatment of Sn3N4 
The use of different gas mixtures in the reactive sputtering PVD system allows 
to control the composition of the deposited films beyond the point of doping. 
Compounds like Sn3N4 can be produced when pure N2 is used in the deposition of the 
films (see Fig. 4.9). This compound has been used as prime material for the production 
of N-doped SnO2 through thermal processing44. Other oxygen compounds like SnO 
and Sn3O4 can also be produced as a result of oxygen contamination in the chamber 
and the surface of the Si substrate. The production of Sn3N4 in the films is confirmed 
by ~30 at% of nitrogen detected by XPS analysis.  
This film was also 
subjected to P+T treatment for 
comparison with SnO2. The XPS 
nitrogen signal falls to 0.5 at. % 
after P+T treatment with N2. The 
low thermal stability of this 
nitride seems to allow energetic 
plasma species to break-up the 
crystal as they hit the sample, 
reducing the films to metallic Sn 
and SnOx.  
This metallic nitride also has strong potential as an anode material for Li-ion 
batteries, since its energy density (700 mAh/cm2μm) is relatively close to that of SnO2 
and other commercial anode materials.82a Further investigation of the optical properties 
of Sn3N4 and its potential as an anode material is recommended. However it falls 
outside the scope of this investigation. 
4.2.3 – Electronic properties  
The electronic structure of the as-deposited and P+T treated films was studied 
using cathodoluminescence. Figure 4.12 shows the spectra for three as-deposited films 
as well as their changes after P+T treatment. In this figure samples deposited using 
Figure 4.10. Surface morphology of samples deposited 
with a) 1:1 and b) 7:1 ratios of N2+O2 and subsequently 
WUHDWHGZLWK WKH37V\VWHPDWÛ&1R IORZHU-like 
nanostructure is observed in this samples suggesting that 
different crystal orientations have different susceptibility 
to nanostructuring. 
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N2+O2 (1:1) and N2 are compared with the samples deposited with Ar+O2 that were 
studied before.  
The films deposited with N2+O2 (red lines) gas have a very low emission in 
comparison with those deposited with Ar+O2. This is possibly related to the low 
amount of oxygen vacancies present in crystalline planes that make the surface of this 
film. Films deposited with 1:1 N2+O2 have a preferential (110) orientation that does 
not have DQ\ÛRUÛR[\JHQYDFDQFLHV in the surface. The lack of surface OV 
avoids the electronic transitions that generate such emissions. Also these films were 
not strongly affected by P+T treatment and thus the emissions of the samples after P+T 
treatment are not significantly different. However both as-deposited and treated films 
show a clear peak at 626 nm corresponding to 1.98 eV. This peak also observed in 
P+T treated SnO2 films suggest the generation of new electronic states caused by bulk 
N-doping. 
The emission of films with 
un-preferential and (110) 
orientation seem to correspond to 
the OV density in the surface of 
corresponding crystal planes. In 
comparison the films deposited 
with 7:1 N2+O2 showed a (101) 
crystalline orientation with high 
amounts RIÛ2V in its surface. 
Therefore the emissions for these 
films expected to be much higher. 
However the characterization of 
such samples was not possible 
due to low availability of the CL 
equipment. 
The spectra of samples 
deposited with N2 (blue solid line) shows a sharp peak at 1.98 eV in agreement with 
all other samples with bulk N-doping. After plasma treatment this new 1.98 eV peak 
is hidden by the broad 2.34 eV emission (blue dotted line). 
The observation of this new electronic transition seems to be related to electronic 
orbitals that are not present in pure SnO2. The energy of this peak does not seems to 
Figure 4.12. Cathodoluminiscence emissions of thin 
films deposited using Ar+O2, N2+O2 and N2 and the 
VDPSOH VDPSOHV DIWHU 37 WUHDWPHQW DW  Û&  )LOPV
depossited with Ar+O2 show a decrease of the emissions 
after P+T treatment. Films deposited with N2+O2 show 
low emissions that do not change after treatment. 
However the emission N2 deposited samples increase 
considerable after treatment. All samples deposited or 
treated with nitrogen present a small emission at 1.98 eV 
(626 nm) possibly related to N-doping. 
66 
be related to the band-gap of Sn3N4 (1.55 eV)97 or other compounds possibly present 
in the sample. 
The new peak observed at 
1.98 eV (626 nm) is considerably 
sharper than the broad 2.58 and 
2.34 eV emissions. An 
explanation for this could be that 
the energy of the initial and final 
orbitals of the electronic 
transition have a smaller range in 
than those of other transitions. As 
mentioned before the broad 
emissions observed on pure SnO2 
correspond to electronic 
transitions from the conduction 
band and bulk OV orbitals to 
surface OV orbitals. The conduction band in this semiconductor overlaps with orbitals 
produced by bulk OV that are also known to have a wide energy range.14. In contrast 
the specific structure of surface OV FRUUHVSRQGLQJ WR Û&RU Û&KDVa very 
distinct energy that has been matched by theoretical calculations.1 The observation of 
a new sharp peak at 1.98 eV suggest that new electronic states are generated that 
combine with surface OV states to allow a new electronic transition. A possible 
configuration for this hypothesis is shown on Figure 4.13 that is in agreement with the 
experimental observations. 
However a theoretical approach is required to achieve a fundamental 
understanding of the electronic properties of N-doped SnO2 materials. This is the 
intention of the next chapter. 
4.3 – SUMMARY  
In this chapter the deposition and P+T treatment of SnO2 thin films were 
investigated. This study was focused on three main aspects: i) the capability of this 
system to produce doping after SnO2 is formed, ii) the role of nitrogen for 
nanostructuring and iii) the effects of N-doping in the electronic structure of the 
samples. 
Figure 4.13. Potential band structure for N-doped SnO2. 
Nitrogen doping seems to generate new electronic states 
within the band-gap that allow new electronic transitions 
and thus new emissions. 
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Deposition of crystalline SnO2 thin films was achieved at 450 Û&. An optical 
method was found to assess the thickness and thickness homogeneity of as-deposited 
samples in an efficient way.  
Consistent nitrogen doping of ~2 at. % was observed in all samples P+T treated 
with N2 showing that doping can be produced on the surface of SnO2 crystals thanks 
to the presence of energetic N+ ions produced in the gas discharge. It was also observed 
that bulk N-doping could be achieved by the addition of N2 during film deposition. 
This gas mixture also seemed to cause preferential crystallite growth of the films.  
The morphology of the deposited films could also be controlled by the P+T 
treatment parameters. The production of a flower-like nanostructure was possible only 
with the combination of nitrogen plasma and a suitable temperature (PN+Tc) and not 
with Ar or air treatment or at room temperature. This is in agreement with the 
nanostructure observed on powders and confirms the importance of direct treatment 
with plasma nitrogen species in its formation. The generation of this nanostructure 
seems to be highly sensitive to the crystalline orientation of the films.  
A clear peak at 1.98 eV was consistently observed on the CL spectra of N-doped 
SnO2 films. The correlation between the intensity of such emission and the N-doping 
density suggest that new electronic states within the band-gap could be produced by 
bulk nitrogen doping in the SnO2 crystal. The CL emissions also seem to be affected 
by the formation of the nanostructure and mostly by the preferential crystalline 
orientation of the films. 
A theoretical approach to the electronic structure of this semiconductor could 
help to clarify the relation of the new emissions observed in the samples with the 
nitrogen doping of the SnO2 crystal.  
The use of magnetron reactive sputtering PVD and the P+T system allows the 
production of thin films with bulk and surface N-doping as well as a nanostructure and 
preferential crystalline growth. These capabilities have a strong potential for tailoring 
the electronic properties of SnO2 materials that could be applied for other metal oxide 
semiconductors. 
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5 – ELECTRONIC STRUCTURE OF SnO2-XNX  
A theoretical approach is presented in this chapter to calculate the electronic 
properties of SnO2-xNx using the Vienna Ab-initio Simulation Package (VASP). These 
calculations are aimed at providing a better understanding of the effects of nitrogen 
doping on the electronic structure of SnO2. The characterization of the electronic 
properties of N-doped thin films has shown CL emissions of approximately 2 eV. 
Electronic transitions with such energy suggest that new electronic states are generated 
inside the energy band-gap of this semiconductor. The calculations should throw light 
on these experimental results. The design of the theoretical calculations is detailed, the 
results are presented and discussed in comparison with the experimental results.  
5.1 – EXPERIMENTAL APPROACH 
The calculations were 
performed using the VASP as 
detailed in section 2.4. The 
software was used as 
recommended in the manuals, 
changing the appropriate 
instructions for the calculations. 
No further code was developed 
for this investigation. The SnO2 
crystal is described by a unit cell 
that repeats in three dimensions 
to form a crystal. This description 
includes the size and shape of the 
cell as well as the atomic 
coordinates for different 
elements. In order to simulate a sensible range of doping densities, double and triple 
sized crystalline cells were considered for the calculations. As shown in Figure 5.1 
these cells are built up from 8 and 27 primary SnO2 cells respectively, with 2 tin and 
4 oxygen atoms each (see Fig. 1.1). 
The nitrogen doping densities that such unit cells allow are x=n/16 and x=n/54 
respectively, where n is the number of oxygen atoms that are replaced by nitrogen in 
the unit cell and x corresponds to the formula SnO2-xNx. Up to eight O atoms were 
Figure 5.1. Double and triple sized unit cells used for the 
calculation of SnO2-xNx. The use of these two unit cells 
and the replacement of some O atoms with N allows 
doping densities (x) in the range from 0.018 to 0.5 to be 
simulated. This corresponds to 0.60 to 16.0 at. % which 
covers all the values of nitrogen doping observed in the 
experiments. 
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substituted in the double sized cell and up to 7 for the triple sized (see Fig. 5.1). These 
settings will deliver a range of doping densities from x= 0.018 to 0.50 that represent 
atomic percentages of 0.60 to 16 %. However it is necessary to consider that the 
repetition of the unit cell in three dimensions will result in a periodical arrange of the 
nitrogen atoms in the SnO2 lattice. The distribution of doping in a real crystal is 
stochastic and thus not expected to have a periodical arrangement. The effects of such 
periodicity in the electronic properties are a considerable limitation for DFT 
calculations that could be reduced by using bigger unit cells but not completely 
avoided. 
The calculated band-structure plots and density of states (DOS) of the pure and 
doped crystals are presented below. 
5.2 – REDUCTION OF THE ENERGY BAND-GAP 
The electronic structure of semiconductors is usually represented by two plots: 
the band-structure and the density of states (DOS). The band-structure shows the 
energy that electronic orbitals have for a given wave vector in the crystal, while the 
density of states shows the amount of available orbitals at a given energy. The 
interpretation of these plots is detailed in section 1.1.2. The band-structure and DOS 
of five SnO2-xNx crystals with x=0.0, 0.018, 0.037, 0.129 and 0.500 are presented in 
Figure 5.2. Band-structure and DOS of SnO2-xNx crystals. Along with the pure SnO2 crystal (x=0) 
four different doping densities are shown corresponding to x=0.018, 0.037, 0.129 and 0.500. (1/54, 
2/54, 7/54 and 8/16 N-O replacements respectively). Two main effects of doping are seen in these 
calculations: the reduction of the Fermi level that pushes existing electronic orbitals to higher 
energies and the generation of new orbitals inside the band-gap. 
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Figure 5.2. Two distinct effects can be observed in the electronic properties of the 
crystal that are caused by nitrogen doping. A decrease in the Fermi level and the 
generation of new states inside the band-gap. 
A decrease of the Fermi level shifts all pre-existing orbitals to higher energies. 
This can be observed with clarity in the Lowest Unoccupied Molecular Orbitals 
(LUMO) observed in the upper part of the graph. A strong energy increase is caused 
by the first N-O replacement while further doping seems to have a smaller effect in 
proportion to their densities. A similar effect is observed similarly in the Highest 
Occupied Molecular Orbitals (HOMO) states below the band-gap but is more difficult 
to see. However the combined effect of these states affects the energy band-gap of the 
material as shown in Figure 5.3.  
The shift that doping causes 
in the electronic states near the 
band-gap seems to be caused by 
the acceptor role that nitrogen has 
on the lattice. As explained in 
section 1.2.2, when an electronic 
orbital is produced in the valence 
band by an acceptor dopant, the 
Fermi level is reduced and thus 
the energy that electrons require 
to occupy specific orbitals is 
higher. However the initial 
decrease of the band-gap observed in Figure 5.3 implies that very small amounts of 
doping are capable of causing a strong shift in the Fermi level, while further doping 
counteract this shift and increase the band-gap at a constant rate. This feature suggests 
that doping levels that are too low to be detected by characterization techniques like 
XPS, can still cause a considerable change in the electronic properties of the samples. 
These values were calculated using Density Functional Theory (DFT) as 
implemented by VASP. This software uses a generalized gradient approximation 
(GGA) where the d orbitals of Sn only considered as valence states.98 This 
consideration works well on most materials but unfortunately it underestimates the 
binding energy of  Sn o orbitals and more severely the energy band-gap.99 Because of 
this, the energy band-gaps of pure and doped crystals in this investigation are in the 
Figure 5.3. Plot of the energy band-gap against the 
doping density of the crystal. An initial decrease of ~0.15 
eV in the band-gap is observed, thereafter doping 
produces a steady increase.  
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range of 0.8 to 1.25 eV considerably lower that experimental values obtained in the 
CL emissions and also lower than the band-gap of pure SnO2 at approximately 3.6 eV.9 
This miscalculation of the band-gap can be avoided if the GGA+U correction is used, 
consisting in a Coulomb interaction correlation with the so called semi-core orbitals. 
The corrected calculations should deliver a more precise approximation of the band-
gap and the energy of the d orbitals. However the electronic features shown in this 
investigation are not expected to disappear, but only to be stretched.99  
5.3 – NEW ELECTRONIC ORBITALS 
The calculations also shows that nitrogen doping can give rise to new electronic 
orbitals within the band-gap of the semiconductor. The number of new orbitals 
observed within the band-gap (see Fig. 5.2) it corresponds to the number of O atoms 
replaced by N in the unit cell. As it can be appreciated in the inset, the single blue line 
in the centre of the band-gap corresponds to the crystal with x=1/54 while two green 
lines represent crystal with doping x=2/54. This suggests that the generation of new 
orbitals is proportional to the doping densities on the crystal. 
In order to investigate to which atoms these orbitals correspond, the electronic 
orbitals of the crystal were plotted according to their location relative to different 
atoms (see Fig. 5.4). The electronic orbitals that are generated inside the band-gap 
belong to nitrogen atoms. Another group of orbitals is also generated by nitrogen in 
the valence band with an energy of -13 eV. 
The distribution of these orbitals within the nitrogen atom was calculated as 
shown in Figure 5.5. The low energy orbitals that are located in the valence band 
Figure 5.4. Atomic density of states for the double sized SnO2-xNx crystal with one N-O replacement 
(x=1/16=0.0625). Electronic states in the nitrogen atoms are distributted inthree peaks: one on the 
deep valence band, one in the HOMO and onenear the Fermi level inside the band-gap of the 
semiconductor. The first one seems to be responsible for the reduction of the Fermi level. 
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correspond to the S orbital that forms the N-Sn bond. The generation of these orbitals 
in the valence band seems to be the cause for the lowering of the Fermi level observed 
in doped crystals. 
More importantly the 
energy of nitrogen P orbitals falls 
inside the band-gap of this 
semiconductor. This is also in 
good agreement with first 
principle calculations performed 
by others to study the magnetic 
properties of N-doped SnO2.100 
The new electronic orbitals 
that nitrogen doping generates 
within the band-gap are 
presumably related to the 1.96 eV 
emissions detected by CL in the nitrogen doped thin films. The location of such 
orbitals seems to be in contrast with the interpretation given in Figure 4.11, where the 
new states are located in the upper part of the band-gap. The energy of the electronic 
states near the band-gap is miscalculated by this software that could explain such 
discrepancy. The GGA+U correction mentioned before is known to increase the band-
gap estimation but it is not clear whether states inside the band-gap will remain in the 
lower part, or will be shifted to a higher energy. A more precise theoretical approach 
could deliver a fine characterization of these new orbitals and is highly recommended. 
However the alteration of the Fermi level as well as the generation of new 
orbitals within the band-gap caused by nitrogen doping on SnO2 have been 
experimentally and theoretically characterized. These features can be produced by the 
combination of plasma and temperature and have strong potential as a tool for the 
tailoring of advanced SnO2 materials that can be used for other metal oxide 
semiconductors. 
5.4 – SUMMARY 
In this chapter the electronic properties of SnO2-xNx crystals with several doping 
densities were calculated using the VASP and compared with experimental results. 
This is aimed to clarify the relation of nitrogen doping with a new ~2 eV peak on the 
Figure 5.5. Density of states for each valence orbital in 
nitrogen atoms. S orbitals have a low energy valence 
band that falls in the. The energy of nitrogen P orbitals 
falls inside the band-gap of pure SnO2 crystal. 
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CL spectra of thin films and to study other possible effects of doping in the electronic 
structure of SnO2.  
The results show a reduction of the Fermi level presumably caused by new 
orbitals generated by the N-Sn bond in the valence band. Also a reduction on the 
energy band-gap is observed for low doping densities. These effects are strongly 
related to the acceptor role that Nitrogen has in the lattice. 
The band-structure of the doped crystals also show the generation of electronic 
orbitals with energies that fall inside the band-gap of the semiconductor. In agreement 
to literature the calculations show that these new states are generated by the nitrogen 
P orbitals. 
A correction in the theoretical approach is necessary for a more precise 
calculation of the electronic properties of N-doped SnO2 that can be compared with 
experimental results. However it is clear that such states are located within the bandgap 
and that they open the possibility for new electronic transitions that could be directly 
related to the 1.98 eV emissions observed in N-doped thin films. These calculations 
also suggest that nitrogen doping has the capability to reduce the Fermi level and the 
band-gap of this semiconductor. These possibilities have a strong potential to tailor the 
electronic properties of this semiconductor.  
Surface nitrogen doping could have different effects in the electronic properties 
of this semiconductor. A theoretical study of these effects would allow a better 
understanding of the electronic properties of N-doped SnO2 materials and also to seize 
the potential of the P+T system for the tailoring of advanced semiconductors.  
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6 – CONCLUSIONS AND FUTURE WORK 
The potential of combining cold plasma and heat for the production of advanced 
semiconductors was investigated. This work focused on SnO2 because the tailoring of 
the electronic properties and nanoscale structure of this semiconductor could allow its 
wider commercial use for solar cells, light emitting diodes (LEDs), gas sensors and 
most importantly as a high capacity anode material for Li-ion batteries (LIBs). The 
main challenges for its application are irreversibility of the SnO2 reduction and 
structural damage due to high volume changes. It was found that the combination of 
plasma and thermal energy can achieve doping and nanostructuring in a way that was 
not possible by either treatment alone. Nano crystals have higher resistance to volume 
changes and higher surface area that could improve the cycling performance and 
energy density of the anode materials. Nitrogen doping generates new states in the 
band-gap and are an effective strategy to modify the carrier type and conductivity of 
SnO2. Nitrogen reactive plasma species can be introduced in the crystal and modify its 
nano-scale structure only at a suitable temperature. 
A specially designed P+T system consisting in an RF plasma source located 
inside a furnace was used to treat SnO powders and produce SnO2 at elevated 
temperatures during exposure to reactive plasma species. The extra energy provided 
by plasma allowed the conversion at temperatures ~80 °C lower than samples treated 
only with heat. A by-product of this process is metallic Sn particles that increase the 
conductivity and could enhance the charge/discharge rates of the LIB anodes. Up to 8 
at. % of nitrogen doping was detected by XPS in samples produced around the 
conversion temperature (440 °C) using N2+H2 plasma, and not at higher temperatures. 
This doping is presumably caused by N. radicals that diffuse amongst the powder 
particles and join the crystal as it is being formed but not after its formation is 
complete. N+ ions have higher energy and appear able to produce doping after the 
crystal formation but affect only the material directly exposed to plasma. This process 
is better characterized using a model surface rather than powders. A polycrystalline 
nanostructure was also observed by TEM on samples P+T treated with nitrogen. 
Energetic N+ ions introduced in the crystal appear to be involved on the 
nanostructuring. The N-Sn-O configuration formed when N is introduced is similar to 
O-Sn-O and could act as a crystal seed in the SnO if a suitable temperature allows 
further crystallization. If this is the case, the nanostructure must have been produced 
in the surface of the samples directly exposed to ion bombardment. 
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Cathodoluminescence (CL) emissions peaking at ~2.4 and ~2.6 eV were observed in 
agreement with the literature. A higher intensity of the lower energy emissions was 
seen on P+T treated samples which could reflect a reduction of the Fermi level. 
In order to study the effects of the reactive species on the surface of the samples 
directly exposed to plasma, SnO2 thin films were deposited on a heated substrate using 
magnetron reactive sputtering PVD and subsequently treated with the P+T system. 
This was aimed at clarifying if doping can be formed after the crystallization of SnO2 
and to verify if plasma reactive species especially N+ ions are involved in the formation 
of the nanostructure. The production of crystalline SnO2 thin films was achieved at 
 Û& that was not possible at room temperature. A methodology based on light 
interference was used to ascertain the films thickness by naked eye. In addition, this 
method allows to estimate refractive indices of the newly-produced materials. P+T 
treatment of the films with N2 resulted in ~2 at. % of nitrogen doping detected by XPS 
confirming that N-doping can be achieved in the surface of SnO2 after its formation, 
presumably by the action of energetic N+ ions. In addition, a flower-like nanostructure 
was consistently observed by SEM on these samples and not in those treated with Air, 
Ar or at room temperature with N2. Besides confirming the role of nitrogen species in 
the formation of the nanostructure, the flower shape suggests that nitrogen 
incorporation could be causing an unfolding of the atomic layers of SnO2. A small 
peak is observed at ~2 eV on the N-doped nanostructured samples besides the 
characteristic CL emissions of SnO2 that are reduced possibly by the elimination of 
surface oxygen vacancies (OV). The P+T system provides a surface treatment capable 
of producing nanostructure and N-doping, however the effects of nitrogen doping in 
the surface might be different to the p-type doping role expected in the bulk, as it 
happens with surface (p-type) and bulk (n-type) OV.  
Bulk N-doping was achieved using a controlled mixture of N2+O2 during the 
films deposition by magnetron reactive sputtering PVD. Significant nitrogen doping 
could only be achieved at small O2/N2 ratios suggesting that excess oxygen prevents 
the incorporation of nitrogen in the forming SnO2 crystal. Samples with significant N-
doping showed a very distinct peak at ~2 eV. This emission suggests that new 
electronic states are available with energies that fall inside the band-gap and are 
presumably linked to N-doping. A theoretical approach to modelling the electronic 
properties of N-doped SnO2 was used to test this hypothesis. XRD patterns suggested 
that use of N2 during the deposition of the films can affect the preferential crystalline 
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orientation of the films. This is a very interesting result because every set of atomic 
planes has different chemical susceptibility and electronic properties. In order to study 
such differences the as-deposited films were treated with the P+T system.  Doping 
levels of samples P+T treated with N2 around 2 at. % showed no significant change. 
However the effects on the nano-scale morphology were clearly distinct for films with 
different crystalline orientations, suggesting once again that the incorporation of 
plasma N+ ions amongst the atomic planes was the cause of the nanostructure. The 
electronic properties of as-deposited and treated were also different and seem to be 
related to the surface OV density of the different crystalline orientations. These 
observations open a very strong possibility for the design of nanostructured materials 
with controlled electronic properties. The use of pure N2 during the deposition of the 
films also opens the possibility to produce Sn3N4 as suggested by the literature, another 
compound that has strong potential as an anode material for LIBs and that has been 
used to produce N-doped SnO2 through thermal annealing.  
Theoretical calculations using the Vienna Ab-initio Simulation Package were 
made to investigate the effects of N-doping on the electronic structure of SnO2 in 
comparison with the experimental results. The calculations showed a reduction of the 
Fermi level related to the acceptor role of nitrogen that provides one electron less than 
oxygen to the lattice. This is caused by the acceptor role of N that generates new states 
in the valence band. This effect also results in a reduction of the band-gap energy that 
could be related to the shift in the CL emission of SnO2 powders. This reduction of the 
Fermi level increases p-type and reduces n-type states as other simulations have 
suggested. The most notable effect, however, is the generation of new in-gap electronic 
states that are proportional to the number of doping atoms in the lattice. These states 
are related to the P orbitals of nitrogen, in agreement with the literature, and explain 
the new CL peak observed in N-doped SnO2 thin films. 
Future studies that could be carried out include using an improved model for the 
calculations, since the estimation of the band-gap energies on this metal oxide is much 
lower than the experimental results. Simulations of surface nitrogen doping would 
provide a better understanding of the experimental results achieved by the P+T system. 
A more efficient use of CL and other techniques like measuring the Hall Effect will 
allow a better characterization of the electronic properties of the samples including the 
precise energies of the new electronic states as well as the amount of p- and n-type 
carriers in the produced semiconductors. A precise control of the N/O ratio in the PVD 
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sputtering could allow the study of the relation between crystalline orientation of the 
films and the gas mixture. This control could also allow a finer control of the N-doping 
densities on the as-produced SnO2 films. The use of films with preferential crystal 
orientations and a wider range of treatment times would allow a more complete 
understanding of the nanostructuring process and its operation on different sets of 
crystalline planes. The implementation of a stirrer in a new design of the P+T system 
could allow the complete surface treatment of powder samples with high surface area.  
The combination of cold plasma and heat was shown capable of producing 
nanostructured SnO2 materials with bulk and surface N-doping that could not be 
achieved by plasma or temperature alone. The new emissions detected in the samples 
were in agreement with theoretical calculations and suggest the reduction of the Fermi 
level and the generation of in-gap states caused by bulk N-doping. The use of N2 during 
deposition seems to affect the preferential crystalline orientation of the SnO2 films that 
present different susceptibility to plasma treatment and different electronic properties. 
The combination of plasma and heat is an efficient and environmentally friendly 
technology capable of tailoring the electronic properties of SnO2 materials that could 
be applied to other metal oxide semiconductors. 
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APPENDIX 1 
This file is an example of the INCAR file used for the calculation of the band-
structure and DOS of N-doped SnO2 crystals. The file is presented as used for the first 
step of the calculations. Comments show only the values that were changed for second 
and third steps. Fixed parameters are not commented. 
 
SYSTEM  = op 
LPLANE  = .TRUE. 
LSCALU  = .FALSE. 
NPAR    = 16 
NSIM    = 4 
ISTART  = 0 ! 1 for third step 
LORBIT  = 0   ! 11 for second and third steps 
LWAVE   = .FALSE.   ! .TRUE. for second step 
LCHARG  = .FALSE.   ! .TRUE. for second step 
LVTOT   = .FALSE. 
 
IVDW    = 11         
 
ENCUT   = 400 
PREC    = Accurate   
NELM    = 100        
NELMDL  = -15 
NELMIN  = 4 
EDIFF   = 1E-05      
EDIFFG  = -0.01     ! not used for third step (comment with #) 
 
NSW     = 1000  ! 0 for second and third steps 
IBRION  = 2          
ISIF    = 2          
 
ISYM    = 0          
POTIM   = 0.5 
 
ISPIN   = 1          
AMIX    = 0.2 
BMIX    = 0.0001 
 
ISMEAR  = 0          
SIGMA   = 0.1        
 
IALGO   = 48         
LREAL   = Auto       
ADDGRID = .TRUE. 
 
Further clarification of these values and their meaning for the calculations can 
be found with the VASP documentation at the following web address: 
http://cms.mpi.univie.ac.at/vasp/vasp/INCAR_File.html  
85 
 
EPILOGUE 
My feet are cold. It's the wind and the rock. 
My back is sore, we have been walking too much. 
The others are quiet, most of them are asleep, only a 
couple still try to find a cover from the cold. 
It was a good day. 
It was a hard day. Nothing unexpected but I feel we are in 
risk. There are things out there that can get us done. Monsters! This 
constant fear, will it ever go away? 
Now it's dark and I have to stay vigilant. I can't let them 
down, I have to protect them as long as I can. Soon they will be 
stronger than me. 
Everything is white for an instant, the deep drum of the 
thunder is heard and some pull up their heads just to fall asleep 
again. I can hear the calming sound of drops falling on the leaves. 
Hopefully our hunter will decide to keep out of the rain in his 
“guarida”. I like the rain.  
Then I see it. Everything stops in my head and there is 
only it, moving fearless. Glowing vividly in the dark, challenging. 
It is far away, but better keep it like that. It is only a spot of light in 
the thick rain, but I well know what it is. He moves like if he was 
dancing for me, mocking at me. 
It happened long time ago. It was horrendous. Many were 
lost in the most painful agony, many never recovered from the 
experience. And I saw it. I felt it, I heard it groaning, moving fast, 
untouchable, destroying everything at its pace. That was near the 
lake, I have not been to that place again.  
I cannot stop staring. It is calling me. I want it. I want to 
grab it with my own hands. It is going to be mine, even if I have to 
die. But I do not want to die, I cannot leave them alone. They are 
stronger now, especially the oldest. Maybe one day... I know I will 
try. 
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It is gone. I will be back another day. It has always been 
there. I will find a way. One day... 
… 
We are walking towards the cave. It just started raining. 
We hear the rumbling and everything goes white for an instant. 
Everyone is scared, running towards the cave following the young 
males. We are far away and they know they have to stay together 
and run fast. 
I see the light behind us. Destroying everything. Glowing 
death. So many memories of scream, pain and death pass through 
my mind. 
But I know the time has come. I have been waiting for it. 
They won’t notice me staying behind. They don’t need me 
anymore. I stop. I see them go and they disappear into the darkness. 
Then I turn around.  
The rain is pouring down. The burning trees crack. 
My body is shaking in fear. But I don’t feel it. I don’t feel 
the ground below. 
Everything fades slowly carrying away my sensations and 
only the dancing glow remains, challenging. 
Then my feet move. Heavier than ever. Stronger than ever. 
I see a low branch that has been mostly destroyed by the 
beautiful evil. 
My body knows what to do. 
I reach out and I see my own hand moving towards the 
branch. It gets closer and closer. 
I feel the wood. I feel the cold of the wet branch and every 
detail of its texture. I pull hard and the branch breaks. I see the light 
falling on me. This is the end. 
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The pain from all those memories bursts behind my eyes 
and reaches every part of my body. It is more vivid than ever but it 
doesn’t hurt anymore.  
I hear a crack, subtle and serene and all pain dissolves into 
curiosity. Then I feel my body, standing. 
When I open my eyes I see the light and my body is shaken 
by a wave of glory that seems to come from my extended arm and 
continues into the ground and everything around.  
It is warm and powerful. 
Moving slowly, like a beautiful spirit. 
Dancing to a music that will never end. 
Dancing with me. 
 
DEDICATION 
 
For you 
my Mate 
my Friend 
my Love  
my Doctor 
my Teacher 
my Truth 
my Self 
 
